Function of hybrid histidine kinases in Arabidopsis flagellin-mediated defence responses by Stewart, Yvonne Marion
1 
 
 
 
 
Function of hybrid histidine kinases in 
Arabidopsis flagellin-mediated defence 
responses 
 
 
Yvonne Marion Stewart 
 
 
 
 
 
 
 
 
 
 
 
Imperial College London, Department of Life Sciences 
Submitted for examination for the degree of PhD 
  
2 
 
 
Declaration of originality  
 
I hereby declare the work presented here is my own and was produced during a BBSRC 
funded project under the supervision of Dr Radhika Desikan in the Department of Life 
Sciences, Imperial College London.  This thesis is submitted for examination for the 
qualification of PhD and has not previously been submitted for examination.  Information 
derived from the published and unpublished work of others has been acknowledged in the 
text and a list of references is provided. 
 
Signed:      Date: 25/06/2012  
 
The candidate: Yvonne Stewart 
 
 
 
 
 
 
 
 
Acknowledgements  
   I would like to express my greatest thanks to my supervisor Dr Radhika Desikan for all her 
hard work, help and support over the course of the past four years. I would also like to 
thank all my colleagues in the SAF building especially the members of the Desikan lab, 
Jasmine Pham and Nyuk Ling for their company and assistance during the course of the 
project.  Thanks also go to all my family and friends for supporting me during the good times 
and the bad.  Particularly thanks go to my flatmates Jair Munoz Bugarin and Sofia Sumal.  I 
couldn’t have done it without your continued support! 
 
 
3 
 
Abstract   
     In plants, the first line of microbial recognition relies on the perception of pathogen-
associated molecular patterns (PAMPs) allowing plants to detect microorganisms and 
respond with a set of basal defence responses.  The best studied PAMP is flagellin, the main 
protein component of bacterial flagella.  The sensor histidine kinase AHK5 has been shown 
to play a novel role in mediating flagellin-induced stomatal closure.  AHK5 belongs to a 
family of 9 Arabidopsis hybrid-histidine kinases (HKs).  To further investigate the role of such 
HKs in flagellin-induced signal transduction, physiological responses to the flagellin derived 
peptide flg22 were examined in available hybrid HK mutant lines. 
 
  Seedlings of the ethylene insensitive HK ETR1 mutant (etr1-1) showed dramatically reduced 
flg22 sensitivity as assayed by flg22-mediated seedling growth inhibition.  A novel role for 
the hormone ethylene in flg22-mediated growth inhibition was thus identified.  Conversely 
enhanced sensitivity to low concentrations of flg22 was observed in the AHK2 cytokinin 
receptor mutant (ahk2-2).  However, the absence of flg22-associated growth phenotype in 
other cytokinin receptor mutants would suggest the role of AHK2 in flg22-mediated seedling 
growth inhibition may be independent of its role in cytokinin perception.  
 
    Despite a wild-type sensitivity in aerial plant tissues, distinct flg22-mediated root growth 
arrest phenotypes were observed in plants defective in the HKs ETR1 and AHK5.  Dissection 
of the mechanisms underlying flg22-mediated root growth inhibition led to the 
identification of nitric oxide and the ethylene precursor ACC as key secondary messengers.   
 
  Further characterisation of etr1 mutants showed that, in addition to seedling growth 
inhibition, ethylene perception is also required for flg22-mediated callose deposition 
however surprisingly, does not appear to be a requirement for flg22-mediated bacterial 
immunity. Despite the known requirement for AHK5 in flg22-mediated stomatal closure, 
flg22-mediated post-invasive bacterial defences were found to be intact in ahk5-1 mutant 
plants.  
 
  In summary this study has shown that ethylene perception via the ethylene receptor HK 
family plays an integral part in flg22-mediated signalling.   In addition, organ/tissue specific 
functions for three of the nine hybrid kinases, AHK2, AHK5 and ETR1 in flg22-mediated 
signal transduction have been identified. 
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Chapter 1 - Introduction 
 
   In their natural environment plants undergo continuous exposure to a variety of biotic and 
abiotic stresses which can adversely affect plant growth and productivity.  Biotic stresses 
such as pathogenic microorganisms, weeds, insects and other pests are thus a major 
constraint to agricultural yield.   As sessile organisms, plants cannot escape such adverse 
environmental cues.  Instead they have evolved specific mechanisms allowing them to 
detect environmental stimuli and mediate an appropriate physiological response. Plants 
have evolved sophisticated mechanisms by which to detect and perceive potential 
pathogenic microorganisms and respond with a broad range of innate plant defence 
responses designed to restrict pathogen growth.  Successful plant disease control thus 
requires an understanding of both the biology and epidemiology of major plant pathogens 
and an understanding of the mechanisms by which plants detect and hence respond to 
pathogen invasion.  
 
1.1  Phytopathogens 
 
1.1.1 Diversity in plant pathogenic microbes 
 
  Like animals, plants are continually exposed to a diverse array of potential pathogenic 
microorganisms including numerous bacteria, fungi and oomycetes species each with a 
unique mode of pathogenicity. These microorganisms can live in highly diverse above and 
below ground environments.  Phytopathogens thus infect numerous plant tissues including 
leaves, stems, roots, flowers and fruits and often exhibit highly adapted tissue-specific 
mechanisms of pathogenesis (Beattie, 2007).   The survival of plants thus depends on their 
ability to fine-tune defence responses to the type of pathogen they encounter. 
 
   The most successful plant pathogens are the fungi and oomycetes.  Collectively they cause 
more plant diseases than any other group of plant pathogens with over 8,000 pathogenic 
species, termed phytopathogens, known (Ellis et al, 2008).  For example powdery mildew  
caused by the pathogen Blumeria graminis  is a fungal disease that affects a wide range of 
plants and can cause significantly reduced yields in a variety of cereal crops (Glawe, 2008).  
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The oomycetes include some of the most destructive plant pathogens, many being 
members of the genus Phytophthora including Phytophthora infestans the causative agent 
of potato blight (the cause of the Irish potato famine) and Phytophthora ramorum the cause 
of sudden oak death (Grünwald et al, 2008; Haverkort et al, 2008).   
 
   In contrast, most plant-associated bacteria are commensals and have no detectable effect 
on plant health.  However, a small number of around 100 species are known to cause plant 
disease (Agrios, 2005).  The majority of such bacterial phytopathogens are rod-shaped Gram 
negative bacteria in the genera Erwinia, Pseudomonas, Xanthomonas, and Ralstonia 
(Beattie, 2007).  Bacterial phytopathogens have been shown to differ dramatically in their 
mechanisms of pathogenicity and epidemiology. Although not as common as fungal plant 
pathogens, bacterial diseases still cause significant economic losses in many crop plant 
species.  For example the necrotrophic bacteria Erwinia carotovora  causes soft rot in variety 
of vegetable crops (Jones, 1901).  Another economically important bacterial plant pathogen 
Ralstonia solanacearum can rapidly multiply following host entry, colonising the plant xylem 
vessels thus causing the lethal bacterial wilt disease (Vasse, 1994).   
 
1.1.2 Pathogen Lifestyle 
 
According to their lifestyles, plant pathogens can be broadly categorised into three classes: 
biotrophs, necrotrophs and hemibiotrophs (Lewis, 1973).  Necrotrophic pathogens infect 
and kill host plant tissues (Lewis, 1973). They subsequently colonise and decompose this 
dead plant tissue which serves as a food source (Lewis, 1973).  By contrast biotrophic 
pathogens cause minimal cell damage, extracting nutrients required for growth from living 
plant tissue (Lewis, 1973).  In the early stages of infection, biotrophic pathogens may 
proliferate asymptomatically; however, in some plant-pathogen interactions host tissue cell 
death will occur at the later stages of the infection process.  Such pathogens are termed 
hemibiotrophs (Perfect & Green, 2001).  Both biotrophic and necrotrophic infection 
strategies have evolved independently in diverse lineages of plant pathogens as illustrated 
in Figure 1-1 over.  
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Figure 1-1- Schematic showing disease-symptoms associated with common plant pathogen infections.  
 
1.2 Mechanisms of host entry 
 
1.2.1 Cuticle penetration 
 
    Pathogen entry into host tissue is a critical first step in causing infection.  The epidermis 
constitutes the outermost protective tissue and forms the first line of pre-invasive plant 
defence.  The epidermal cells of aerial plant tissues are covered in a layer of wax and cutin.  
This hydrophobic cuticular layer plays an important role in preventing plant water loss and is 
also believed to provide an effective barrier to pathogen ingress. For example the 
Arabidopsis mutant att1, defective in cuticle formation, was found to show increased 
susceptibility to the pathogenic bacterium Pseudomonas syringae when surface inoculated, 
suggesting that the plant cuticle plays an active role in mediating pre-invasive bacterial 
defence (Xiao et al, 2004).  Similarly, cuticular defects often lead to increased fungal 
pathogen susceptibility (Lee et al, 2009; Li et al, 2007). Certain pathogenic fungi such as  
Fusarium solani f.sp. pisi overcome cuticular defence by producing cutinases which actively 
degrade cutin (Kolattukudy et al, 1995).   However whilst cuticular defence appears to be 
important in certain plant-pathogen interactions, recent evidence suggests this is not 
universally true (Chassot et al, 2008).  Surprisingly, Arabidopsis mutants defective in cutin 
biosynthesis were found to confer enhanced resistance to the fungal pathogen Botrytis 
cinerea (Bessire et al, 2007; Chassot et al, 2008).  It is thought that increased cuticular 
permeability mediates enhanced plant pathogen perception and consequently enhanced 
plant defence responses (Bessire et al, 2007).    
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  Below the cuticle lies the epidermal cell wall providing a further structural barrier against 
pathogen invasion.  Independent of pathogen lifestyle, plant pathogens have adopted one 
of two distinct mechanisms by which to breach the plant epidermis.  They do so either by 
actively penetrating the epidermal cell wall or relying on natural surface openings for host 
plant entry. 
 
1.2.2 Cell wall penetration  
 
1.2.2.1 Enzymatic processes in cell wall penetration 
 
  Many necrotrophic pathogens actively breach the cell wall via the secretion of cell wall 
degrading enzymes.  For example the bacteria Erwinia carotovora secretes a variety of plant 
cell wall degrading enzymes including cellulases, proteases and pectinases (Sandkvist, 2001).  
These enzymes are responsible for the maceration and rotting of infected tissues thus 
promoting the release of nutrients required for bacterial growth (Pagel & Heitefuss, 1990).  
The grey mould causing Botrytis cinerea is a common cause of rot in soft fruits (Droby & 
Lichter, 2004).  Targeted disruption of the B. cinerea cell wall degrading pectinase Bcpme1 
was found to reduce pathogen virulence on several hosts, thus highlighting the major role of 
cell wall degrading enzymes in necrotrophic pathogenicity (Valette-Collet et al, 2003). 
 
1.2.2.2 Mechanical cell wall penetration 
 
     Alternatively or additional to hydrolytic enzymes, many fungi form specialised cell wall 
penetration organs called appressoria.  The appressorium, formed from fungal hyphae, 
tightly adhere to the plant epidermal surface generating high internal turgor pressure 
(Howard et al, 1991).  This internal pressure can be transformed into a mechanical force 
allowing penetration of the plant cell wall via a specialised penetration peg located on the 
underside of the appressorium (Mendgen & Deising, 1993).  Fungal hyphae that enter the 
host plant cell via these infection points can form an extensive intracellular hyphal network. 
One or two days following hyphal penetration, the plant plasma membrane surrounding the 
infected host cell begins to disintegrate leading to host cell death (Mendgen et al, 1996). 
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   In contrast to necrotrophic fungi, many biotrophic fungi such as the powdery mildew 
Blumeria graminis have evolved specialised feeding structures designed for the long-term 
absorption of host nutrients from living plant tissues (Kunoh & Akai, 1969).  Facilitated by 
penetration hyphae, the haustoria can arise from either an external or intercellular hyphal 
network.  Importantly the host plant cell survives as whilst the haustorium breaches the cell 
wall, it does not penetrate the plasma membrane of the host cell.  Instead, the plasma 
membrane is invaginated and forms an extrahaustorial membrane that separates the 
haustoria from the host cell cytoplasm (Coffey et al, 1972).  The extrahaustorial membrane 
provides a plant-pathogen interface through which the fungi can assimilate sugars, amino 
acids and other nutrients from the host plant (Bushnell, 1972).  Such nutrients can be used 
for fungal sporulation, allowing rapid epidemic pathogen spread.  Many oomycetes species 
including the hemibiotrophic Phytophthora infestans have adopted a similar infection 
strategy, feeding via haustorial invagination (Blackwell, 1953) as illustrated in Figure 1.2 
below.  However at the later stages of the infection process, P. infestans orchestrates a 
switch from biotrophy to large-scale necrosis mediated via the secretion of necrosis-
inducing elicitins (Kanneganti et al, 2006).  
 
Figure 1-2 - Course of infection of the hemibiotrophic oomycetes Phytophthora infestans 
 
Following host contact, motile zoospores encyst, form germ tubes and develop appressoria.  A penetration hyphae 
emerges from the appressorium allowing penetration of the cuticle and the host cell wall.  Hyphae can then grow into 
mesophyll cell layers both inter and intracellularly, producing haustoria to obtain nutrients from host cells. After 1-2 days, 
P. infestans orchestrates a switch from a biotrophic to a necrotrophic mode of growth.  Within 3 to 5 days, cells at the 
initial penetration site have died, producing characteristic macroscopic necrotic symptoms.  Sporulating hyphae then 
emerge from stomata allowing aerial dissemination of the pathogen (From Judelson & Blanco, 2005). 
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1.2.3 Pathogen entry via surface openings 
 
  In contrast to biotrophic fungi, biotrophic bacteria cannot penetrate the plant epidermis.  
They therefore rely on natural surface openings for host entry.  For example cracks formed 
at the base of broken trichomes are thought to provide a frequent portal of entry for 
phytopathogenic bacteria such as Pseudomonas syringae (Schneider, 1977).  Another 
primary route of pathogen entry is via stomata. These epidermal pores can occupy up to 2% 
of the leaf surface area and thus provide an ideal mode of pathogen entry (Melotto et al, 
2006).  As a consequence many bacterial plant pathogens exhibit stomatal tropism. For 
example when surface inoculated with the virulent P. syringae pathovar tomato DC3000 (Pst 
DC3000), bacterial cells were found to form clusters surrounding open stomata (Melotto et 
al, 2006).  Like many bacterial pathogens P. syringae has the ability to grow and reproduce 
epiphytically on the leaf surface without causing plant disease (Hirano & Upper, 2000). This 
strategy allows the bacteria to rapidly infect host plants tissues when conditions for host 
entry are favourable (Beattie & Lindow, 1999).  For example high humidity, as occurs 
following heavy rain, has been shown to mediate stomatal opening thus favouring Pst 
DC3000 infection (Bashan et al, 1978).  Field studies have revealed a quantitative 
relationship between epiphytic bacterial populations and subsequent occurrence of disease 
for a number P. syringae plant host interactions (Lindemann et al, 1984; Rouse et al, 1985). 
 
    Following  host entry via stomata, biotrophic bacterial pathogens such as P. syringae can 
rapidly multiply to high population density in the intercellular space between mesophyll 
cells (the apoplast), thought to be abundant in host plant nutrients (Hancock & Huisman, 
1981) as illustrated in Figure 1-3.  At the later stages of infection, when bacteria have 
reached their population peak in the apoplast, bacteria of the Pseudomonas genus such as 
Pst DC3000 produce a wide range of necrosis and chlorosis-inducing phytotoxins causing 
extensive host cell death (Brooks et al, 2004; Mittal & Davis, 1995).  Pst DC3000 is thus 
classed as a hemibiotroph. 
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Figure 1-3 - Successful disease cycle of hemibiotrophic Pseudomonas syringae 
a) Epiphytic P. syringae on the epidermal surface of healthy plant b) Bacteria penetrate open stomata c) Bacteria colonise 
the intercellular leaf space d) Visible localised disease-associated necrosis and chlorosis following extensive bacterial 
apoplastic multiplication in susceptible host plants (Adapted from Melotto et al, 2006). 
 
 
1.3 Pre-invasive plant defence 
 
    Stomata were once considered to be passive ports of pathogen entry. However, study in 
the model plant species Arabidopsis thaliana has shown that plant stomata can actively 
close in response to live bacteria, thus preventing bacterial entry (Melotto et al, 2006; Zeng 
& He, 2010).  This process is mediated via changes in guard cell turgor pressure thus 
reducing the size of the stomatal pore.  When inoculated with suspension of the virulent Pst 
DC3000, 70% of stomata closed within just 1 hour (Melotto et al, 2006).  Some pathogenic 
bacterial strains have evolved mechanisms by which to circumvent this plant defence.  Pst 
DC3000 for example produces a diffusible toxin called coronatine which can actively 
promote stomatal reopening (Melotto et al, 2006). Coronatine-deficient Pst DC3000 
mutants were shown to be compromised in virulence when inoculated onto the plant 
surface highlighting the importance of defence suppression for pathogen success (Zeng & 
He, 2010).  
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  Stomatal closure is thought to be a widespread defence response throughout the plant 
kingdom and has also been observed in response to some fungal proteins (Lee et al, 1999).   
Similar to bacterial plant pathogens, fungi have evolved mechanisms by which to circumvent 
this plant defence by modulating stomatal behaviour.  For example the fusicoccin toxin of 
the fungus Fusicoccum amygdali can stimulate stomatal opening (Turner & Graniti, 1969).   
Furthermore, some fungi can actively cause stomatal dysfunction.  The urediospores of the 
wheat stem rust Puccinia graminis f. sp. tritici rely on stomata for host entry (Yirgou & 
Caldwell, 1963).   An appressorium originating from the urediospore can actively apply 
pressure between closed guard cells, thereby forcing stomatal opening (Caldwell, 1936).  
The powdery mildew Blumeria graminis can similarly mediate loss of stomatal function 
preventing dark induced stomatal closure (Prats et al, 2006).  
 
   Stomatal closure in response to pathogen challenge is one of the earliest events in plant 
innate immunity and is triggered by the perception of pathogen-associated molecular 
patterns (PAMPs). 
 
1.4 Pathogen-associated molecular patterns 
 
  PAMPs are molecular patterns characteristic of entire groups of microorganisms. These 
elicitors are evolutionarily conserved pathogen-derived molecules shared by classes of 
pathogens and are often molecular structures essential for microbial fitness or survival (Felix 
et al, 1999).  PAMPs are sometimes referred to in the literature as microbial-associated 
molecular patterns (MAMPs) (Mackey & McFall, 2006) as they are not restricted exclusively 
to pathogenic microbes.  PAMP perception thus serves as an early warning system for the 
presence of potential pathogens and is an important component of basal plant defence.  In 
response to PAMP detection, plant signalling cascades are activated, ultimately mediating a 
variety of plant defences including stomatal closure (Melotto et al, 2006), the strengthening 
of the cell wall via callose deposition (Gomez-Gomez et al, 1999) and the induction of 
numerous defence related genes and metabolites (Navarro et al, 2004; Tsuda et al, 2008; 
Zipfel et al, 2004).  
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1.4.1  Pathogen cell wall derived PAMPs 
 
   Characterised PAMPS include bacterial cell wall components such as lipopolysaccharide 
(LPS) and peptidoglycan (PGN).  Located at the bacterial surface they constitute excellent 
targets for recognition by the plant innate immune system.  LPS purified from various Gram-
negative bacteria has been shown to induce characteristic plant PAMP defence responses 
(Erbs & Newman, 2003; Gerber et al, 2004; Gerber & Dubery, 2004).  The peptidoglycan 
(PGN) polymer which coats the bacterial plasma membrane has been shown to have similar 
plant immunogenic activity (Gust et al, 2007).   
 
    Plants have also evolved mechanisms by which to perceive chitin, the major component 
of the fungal cell wall (Felix et al, 1993).  Follow fungal infection, host-derived hydrolytic 
chitinases act to degrade the fungal cell wall resulting in the release of chitin fragments 
(Kasprzewska, 2003) which have been shown to trigger further downstream defence 
responses (Felix et al, 1993; Ito et al, 1997).   Interestingly, the fungal-derived plant cell wall 
degrading enzyme xylanase has been shown to act as a defence elicitor in tomato (Enkerli et 
al, 1999).  Many plants also have the ability to detect cell wall derived PAMPs characteristic 
of phytopathogenic oomycetes including β-heptaglucan from the oomycete cell wall 
(Fliegmann et al, 2004) and the genus-specific Pep-13 motif of a Phytophthora cell wall 
glycoprotein (Brunner et al, 2002).   
 
1.4.2 Damage-associated molecular patterns 
 
    Plant can also perceive endogenous molecules generated following pathogen infection or 
mechanical damage.  These plant derived damage-associated molecular patterns (DAMPS) 
are thought to serve as warning signals of tissue and cell damage (Boller & Felix, 2009).  
Characterised DAMPs include cutin monomers released from the plant cuticle (Fauth et al, 
1998) and plant cell wall derived oligogalacturonides (OGs) (Darvill et al, 1994).  Many of 
such DAMPs are produced upon pathogen infection as a consequence of microbial 
enzymatic activities.  For example OGs are pectin fragments released from the plant cell wall 
by fungal polygalacturonases (Hahn et al, 1981). 
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1.4.3 Bacterial-derived proteins 
 
      A number of bacterial derived proteins essential for bacterial cellular function or fitness 
are also actively perceived by plants.  The bacterial elongation factor TU (EF-Tu) for example 
is a well-characterised PAMP essential for bacterial protein translation and is one of the 
most highly conserved proteins in bacteria (Lathe & Bork, 2001).  EF-Tu is also one of the 
most abundant proteins in the bacterial cytoplasm and has been detected in the secretome 
of a number of bacteria (Zipfel et al, 2006).  Other characterised bacterial PAMPs include 
cold-shock protein, required for bacterial adaptation to low temperature stress (Felix & 
Boller, 2003) and harpins such as HrpZ, a heat-stable protein secreted by pathogenic 
Pseudomonas syringae and required for the delivery of bacterial virulence factors 
(Haapalainen et al, 2012; He et al, 1993).  The predominant PAMP from crude bacterial 
extract is however the bacterial PAMP flagellin (Felix et al, 1999).  
 
1.5 The model PAMP flagellin 
 
1.5.1 Identification of elicitor activity  
 
     In the early 1990s it was noted that various types of phytopathogenic bacteria, including 
heat-killed bacterial preparations, were able to trigger rapid changes in ion flux across the 
plasma membrane resulting in extracellular medium alkalinisation and plasma membrane 
depolarisation (Atkinson et al, 1993; Keppler et al, 1990).  It was thus proposed that plants 
may possess a sensitive chemoperception system for molecules characteristic of bacteria in 
general.  Via SDS-PAGE and anion exchange chromatography, crude bacterial extract was 
separated and eluted proteins assayed for the induction of alkalinisation in plant cell culture 
(Felix et al, 1999).   A single polypeptide with alkalinisation-inducing activity was thus 
identified and sequenced (Felix et al, 1999).  The sequence was found to share strong 
similarity with the N-terminal sequence of Pseudomonas-derived flagellin.  Synthetic 
peptides spanning 15-22 amino acid residues of the conserved N-terminal domain of 
Pseudomonas aeruginosa derived flagellin (flg15 and flg22) were shown to possess 
alkalinisation-inducing activity at subnanomolar concentrations in suspension-cultured cells 
from a wide-variety of plant species (Felix et al, 1999).  Flagellin-derived peptides were 
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similarly shown to induce responses in whole plant tissues including the rapid production of 
reactive oxygen species (ROS) (Felix et al, 1999).   It was thus demonstrated that plants 
possess a highly sensitive and selective perception system for perception of eubacterial 
flagellin (Felix et al., 1999).   
 
1.5.2 A structural component of the bacterial flagellum  
 
     Flagellin is the structural protein that forms the filament of the bacterial motility organ, 
the flagellum.  The bacterial flagellum consists of a long helical filament and acts as a rotary 
motor which is anchored in the bacterial cell wall and cytoplasmic membrane as illustrated 
in Figure 1-4.  The flagellar motor is driven by a transmembrane electrochemical gradient 
across the plasma membrane (Manson et al, 1977). 
 
Figure 1-4 - Structure of the bacterial flagellum 
 
The bacterial flagellum consists of three parts: the filament (a polymer of flagellin), the hook and the complex basal body, 
consisting of a reversible rotary motor embedded in the cell wall.  The proton gradient across the cytoplasmic membrane 
drives rotation of the rotor and the attached filament (Pallen & Matzke, 2006). 
 
Approximately 20,000 flagellin monomers assemble to form the extracellular filament 
structure (O'Brien & Bennett, 1972) making flagellin the most abundant extracellular protein 
in bacteria (Naito et al, 2008).  Flagellin accumulates in the bacterial environment as result 
of leaks and spillovers during flagella construction (Komoriya et al, 1999) and is therefore an 
ideal epitope for bacterial recognition as part of a basal perception system (Felix et al, 
1999).   
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   Flagella-dependent motility is widespread throughout prokaryotes.  Chemotaxis directs 
flagellar motion to enable bacteria to undergo a motile response to environmental stimuli 
(Scharf et al, 1998).  Most plant-pathogenic bacteria demonstrate flagellar motility, with 
such motility thought to be important for foliar infection (Hattermann & Ries, 1989).  For 
example, non-motile mutants of the bacteria Pseudomonas syringae pv. phaseolicola were 
greatly reduced in virulence when compared to their wild-type motile counterparts when 
surface-inoculated on bean leaves (Panopoulos, 1974).  For many root pathogenic bacteria, 
flagellum-dependent chemotaxis is key to both host colonisation and establishment of 
successful infection (Broek & Vanderleyden, 1995).  Many substances present in the root 
exudate including organic acids, simple sugars and amino acids have been identified as 
chemoattractants for plant-associated bacteria (Broek & Vanderleyden, 1995).  Root 
colonising Agrobacterium species for example possess a highly sensitive chemotaxis system 
and have been shown to respond to a wide range of plant exudates including the phenolic 
wound exudate acetosyringone (Broek & Vanderleyden, 1995).  Agrobacterium tumefaciens 
mutants deficient in chemotaxis or motility were found to be avirulent on soil-grown plants 
thus highlighting the importance of flagellar motility for bacterial colonisation (Hawes & 
Smith, 1989).    
 
1.5.3 The flg22 receptor FLS2 
 
     The mechanism by which plants perceive bacterial flagellin was identified using a mutant 
screen. The flg22 peptide was shown to cause a strong inhibition of growth in Arabidopsis 
seedlings of the Landsberg erecta (Ler) and Columbia (Col) ecotypes (Felix et al, 1999).  
Using this growth inhibition phenotype a number of other natural Arabidopsis ecotypes 
were screened for flg22-sensitivity.  The Wassilewskija (Ws) ecotype was found to exhibit 
flg22-insensitivity (Gomez-Gomez et al, 1999).  By crossing the insensitive Ws-0 ecotype 
with sensitive Ler ecotype, sensitivity to flg22 was found to be conferred by a single 
dominant gene located on chromosome 5 termed FLS1 (FLAGELLIN-SENSING1) (Gomez-
Gomez et al, 1999).  Via EMS-mutagenesis of Ler seeds, a number of flg22-insensitive lines 
were similarly identified (Gomez-Gomez & Boller, 2000).  The mutations were shown to map 
to a similar region of chromosome 5 and characterised as alleles of locus termed FLS2 
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(Gomez-Gomez & Boller, 2000).  However, subsequent sequence analysis revealed FLS1 and 
FLS2 to be the same gene, now known by the name of FLS2 (Gomez-Gomez & Boller, 2002).  
FLS2 is essential for flagellin perception and plants lacking the FLS2 receptor also lack 
characteristic flagellin-associated defence responses and exhibit enhanced susceptibility to 
bacterial infection (Gomez-Gomez & Boller, 2000; Zipfel et al, 2004). 
 
  Using a map-based cloning strategy the FLS2 gene was found to encode a membrane-
localised receptor-like kinase (RLK), the first identified plant pattern recognition receptor 
(PRR) (Gomez-Gomez & Boller, 2000).  The Arabidopsis genome contains over 600 RLKs (Shiu 
& Bleecker, 2001) implicated in a variety of plant signalling processes including plant 
development, self-incompatibility, hormone perception and response to external stimuli 
(Torri, 2000).  Like their animal counterparts, such receptors consist of an extracellular 
domain thought to act as a ligand-binding site, a transmembrane domain, and a catalytic 
cytoplasmic kinase domain critical for activation and signal transduction.  Unlike animal 
receptors that have tyrosine kinase activity, the majority of plant receptor-like kinases 
including FLS2 show serine/threonine kinase activity, with FLS2 kinase activity shown to be 
essential for protein function (Gómez-Gómez et al, 2001).  The domain structure of FLS2 is 
illustrated in Figure 1-5 below. 
 
 
Figure 1-5 - FLS2 domain structure 
(Adapted from Postel & Kemmerling, 2009). 
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   As shown in Figure 1-5, FLS2 encodes a receptor with an extracellular leucine-rich repeat 
(LRR) domain, a feature it shares with the Toll-like receptors (TLRs), a family of PRRs 
involved in the innate immune system of mammals and insects (Vasselon & Detmers, 2002).  
Extracellular LRR domains consist of tandem repeats of between 22-28 amino acids of a 
hydrophobic leucine-rich consensus sequence.  A number of leucine-rich-repeat receptor 
proteins (LRR-RLPs) and LRR-RLKs have been linked with signalling and defence responses in 
plants (Jones & Jones, 1997).  LRR domains have also been implicated in receptor-ligand 
binding.  For example the plant hormone brassinosteroid is recognised by the LRR domain of 
the plant receptor kinase BRI1 (BRASSINOSTEROID-INSENSITIVE 1) (Hothorn et al, 2001).   
 
   As in plants, flagellin acts as a mediator of host immune responses in other eukaryotes and 
is recognised in mammals by the TLR5 receptor (Smith et al, 2003).  Flagellin-derived 
peptides have been shown to bind in a highly specific manner to the extracellular LRR 
domain of TLR5 mediating interaction with the interleukin-1-receptor-associated kinase 
(IRAK) and adaptor protein MyD88 to initiate downstream immune responses (Mizel et al, 
2003a).  The FLS2 protein contains 28 LRRs.  Via affinity cross-linking and 
immunoprecipitation, specific physical interaction of flg22 with the FLS2 protein in 
Arabidopsis was demonstrated (Bauer et al, 2001; Chinchilla et al, 2006).  Although the 
precise flg22 binding site remains to be determined, using site-directed mutagenesis, LRRs 9 
to 15 were shown to contribute to flagellin responsiveness suggesting that, like TLR5, the 
LRR domain of FLS2 forms the flagellin binding site (Dunning et al, 2007).  
 
  Whilst the flagellin receptors in both plants and animals (FLS2 and TLR5) are members of 
the LRR-RLK subfamily, FLS2 and TLR5 have been shown to be evolutionarily distinct 
(Ausubel, 2005). Despite sharing a similar function in pathogen recognition, the downstream 
signalling pathways initiated by the two receptors have been shown to differ considerably 
(Moors et al, 2001).  Furthermore, it has been shown that TLR5 recognises a conserved site 
on flagellin that is distinct from that recognised by FLS2 (Zipfel & Felix, 2005) as illustrated in 
Figure 1-6 over. 
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Figure 1-6 - Structure of the flagellar filament and its constituent monomer 
A) Depiction of flagellated bacteria B) Flagellar filament cross-section consisting of a tubular bundle of 11 protofilaments 
with domain Do of the flagellin monomer forming the core of the cylindrical filament  C) Structure of the flagellin monomer 
showing the four globular domains, D0, D1, D2 and D3 and the predicted locations of the conserved amino acid sequences 
required for TLR5 and FLS2 flagellin recognition (Adapted from Yonekura et al, 2003). 
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   Structural and functional studies have shown that residues within the TLR5 recognition 
site are essential for flagellin protofilament assembly (Smith et al, 2003).  It has similarly 
been shown that the amino acid sequence required for PAMP perception in plants is 
important for intrinsic flagellar function (Naito et al, 2008).  Mutational analysis revealed 
that flg22 elicitor activity can be abolished following mutation of an aspartate residue within 
the flg22 consensus sequence (Naito et al, 2008).  However, despite evading FLS2 immune 
recognition, P. syringae pv. tabaci mutant strains carrying such mutation exhibited reduced 
flagellar motility and following spray inoculation of tobacco were markedly reduced in 
virulence (Naito et al, 2008).  Thus in both animals and plants,  the immune system has 
evolved to precisely target a highly conserved site on the flagellin monomer essential for 
bacterial motility.  Some plant-associated bacteria have however successfully evaded FLS2 
immune recognition whilst maintaining motility. For example the divergent flg22 sequence 
of the plant symbiont Rhizobium melilotti was found to contain sequence changes predicted 
to preserve bacterial motility (Andersen-Nissen et al, 2005) , a known requirement for 
chemotaxis-driven root colonisation and nodule formation (Ames & Bergman, 1981; 
Dharmatilake & Bauer, 1992).   
 
1.5.4 FLS2-mediated signal transduction 
 
  A screen for mutants with altered flg22 perception led to the identification of the flagellin 
co-receptor BAK1 (BRASSINOSTEROID-ASSOCIATED KINASE 1) as a positive regulator of 
flg22-mediated responses (Chinchilla et al, 2007).  BAK1 was shown to be required for the 
full elicitation of flg22-mediated defence responses (Heese et al, 2007).  It was subsequently 
shown that binding of flg22 to FLS2 promotes FLS2-BAK1 complex formation thus initiating 
downstream signalling (Schulze et al, 2010).  This process is mediated via a receptor-like 
cytoplasmic kinase BIK1 (BOTRYTIS-INDUCED KINASE 1) as illustrated in Figure 1-7. BIK1 is 
thought to be phosphorylated by BAK1 upon flg22-binding (Lu et al, 2010).  BIK1 then 
subsequently transphosphorylates FLS2/ BAK1 to activate downstream intracellular 
signalling (Lu et al, 2010).  bik1 mutants are compromised in a variety of flagellin-mediated 
responses confirming BIK1 to be an essential component of flg22-mediated signalling (Lu et 
al, 2010). It should however be noted that further direct downstream substrates of the 
FLS2/BAK1 complex have yet to be identified.  
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Figure 1-7 - Model depicting flg22-mediated FLS2 BAK1 interaction mediated by the cytoplasmic kinase BIK1  
In the absence of flg22 BIK1 associates with both FLS2 and its coreceptor BAK1. On FLS2 mediated flg22 binding, FLS2 and 
BAK1 heterodimerise mediating transphosphorylation events between the BAK1 and FLS2 cytosolic kinase domains. The 
activated BAK1 phosphorylates BIK1 which in turn transphosphorylates the FLS2/BAK1 complex.  The phosphorylated 
FLS2/BAK1 complex may then phosphorylate further downstream substrates as yet to be identified (shown in turquoise 
blue).  BIK1 is likely released from the FLS2-BAK1 complex to activate this downstream intracellular signalling (From Lu et 
al, 2010). 
 
 
  Flg22 perception via the FLS2-BAK1 complex has been shown to induce a variety of 
characteristic basal defence responses including the production of reactive oxygen species 
(ROS) (Felix et al, 1999), the activation of mitogen-activated protein kinases (MAPK) (Asai et 
al, 2002) and calcium-dependent protein kinases (CDPK) (Ranf et al, 2011) and induction of a 
number of defence related genes (Navarro et al, 2004) as illustrated in Figure 1-8 and 
discussed further in section 1.8 to follow.  Such defences result in what is known is PAMP-
triggered immunity (PTI) that can act to halt further pathogen colonisation.
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Signalling Reponses 
0 to 5 minutes 
 MAPK activation 
 CDPK activation  
 Ion fluxes  
 Increase in cytosolic Ca
2+
  
<30 minutes 
 ROS production 
 Ethylene production 
 Nitric oxide production 
 Transcriptional reprogramming 
+ hours 
 Salicylic acid production  
 
Physiological responses 
< 1 hour 
 Stomatal closure  
 Defence gene expression 
+ hours  
 Callose deposition 
+ days 
 Seedling and root growth inhibition 
 
 
 
 
Figure 1-8 - Flg22 mediated signal transduction 
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1.6  Distinct PAMPs activate common and conserved signalling pathways 
 
   Interestingly the defence responses activated following perception of diverse PAMPs have 
been found to show considerable overlap (Wan et al, 2008; Zipfel et al, 2006). For example  
flg22 and EF-Tu peptides derived from the conserved N-terminus region of the EF-Tu protein 
have been shown to induce a nearly congruent array of plant defence responses including 
the activation of MAP kinases, production of ROS and induction of defence genes (Zipfel et 
al, 2006).  However, despite sharing downstream signalling components, distinct PAMPs are 
perceived by distinct pattern recognition receptors (PRRs). For example EF-Tu is perceived 
by the RLK EFR (Zipfel et al, 2006).  Like FLS2, EFR encodes plasma-membrane localised LRR 
receptor kinase (Zipfel et al, 2006).  Despite sharing only 31% sequence similarity with FLS2, 
a chimeric receptor consisting of the EFR extracellular domain fused to the FLS2 kinase 
domain resulted in a fully functional receptor for EF-Tu derived peptides such as elf18.  
(Albert et al, 2010).  Thus the kinase domains of FLS2 and EFR appear to be functionally 
interchangeable.  Since both receptors are known to trigger the same set of defence 
responses (Zipfel et al, 2006) this is not unexpected.  Like FLS2, EFR has also been shown to 
interact with the co-receptor BAK1, with interaction important for downstream EF-Tu 
triggered defence responses (Chinchilla et al, 2007; Schulze et al, 2010).  
 
   Whilst LRR receptor kinases are implicated in the recognition of conserved peptide 
patterns, glycan-derived PAMPs such as peptidoglycan (PGN) and the fungal PAMP chitin (an 
unbranched GlcNAc polymer) are perceived by a structurally distinct class of PRR. PGN 
perception was found to be mediated via a receptor complex consisting of two LysM domain 
proteins implicated in PGN ligand binding and a transmembrane LysM receptor kinase 
CERK1 (CHITIN ELICITOR RECEPTOR KINASE1) thought to be required for downstream signal 
transduction (Willmann et al, 2011).  The LysM receptor CERK1 also plays a role in 
perception of chitin, acting in ligand-induced complex with a LysM containing chitin binding 
protein CEBiP (CHITIN ELICITOR-BINDING PROTEIN) (Miya et al, 2007; Shimizu et al, 2010) 
Both peptidoglycan and chitin perception therefore appear to require both LysM protein 
mediated pattern perception and LysM receptor kinase activity.  Thus whilst LRR receptor 
kinases are implicated in the recognition of conserved peptide patterns, LysM domain 
kinases mediate microbial sensing through recognition of glycan carbohydrate moieties. 
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However, despite the differential mechanism by which such PAMPs are perceived, similar 
downstream components were found to be activated following elicitation with flg22 and 
chitin (Wan et al, 2004) suggesting that the different signalling pathways mediated by each 
of these PAMPs converge at a downstream  signalling step leading to induction of common 
signalling components.    
 
1.7 Disease versus defence 
 
1.7.1 Suppression of pathogen-triggered immunity during pathogen infection 
 
  Despite inducing a plethora of plant defences illustrated earlier in Figure 1-8, the 
contribution of PAMP-triggered immunity to disease resistance is complicated by the fact 
that many plant pathogens have evolved mechanisms by which to suppress such PAMP-
mediated basal defences (Jones & Dangl, 2006).   Virulent pathogens do so via the delivery 
of effector proteins.  For example, the secreted fungal LysM effector Ecp6 of Cladosporium 
fulvum was shown to suppress chitin-induced immunity (Jonge et al, 2010).   Many plant 
pathogens have developed mechanisms by which to actively mediate the translocation of 
effector proteins into the host plant cell.  Some oomycetes species do so via their haustorial 
feeding structure (Whisson et al, 2007).  Effectors of the phytopathogenic oomycetes 
Phytophthora infestans harbour an amino acid double motif (RxLR-dEER) located 
downstream of the signal peptide that is required for them to cross the plant-derived 
extrahaustorial membrane (Whisson et al, 2007).  Genome sequence analysis revealed the 
Phytophthora species genomes to contain several hundred of such effectors (Jiang et al, 
2008) many of which have been shown to be a requirement for full pathogen virulence (Bos 
et al, 2010; Liu et al, 2011).   
 
  In contrast, many phytopathogenic bacteria have evolved a specialist appendage designed 
for the delivery of bacterial effector proteins into the host plant cell (Galán & Collmer, 
1999).  This type-three secretion system (TTSS) is a specialised needle-like organelle which 
penetrates the host cell membrane allowing delivery of proteins from the bacterial 
cytoplasm into the plant host cell cytosol (Cornelis, 2006).  The primary role of the TTSS is to 
deliver bacterial effector proteins designed to suppress host plant defence (Galán & 
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Collmer, 1999).  The acquisition of a TTSS is thought to be a key adaptation that allowed 
many Gram-negative bacteria to become successful plant pathogens  and is essential for the 
pathogenicity of many phytopathogenic bacteria (Galán & Collmer, 1999).   For example 
virulent P. syringae stains lacking the hrp gene encoded TTSS required for effector delivery 
are greatly reduced in pathogenicity (Oh & Collmer, 2005).  The broad host range of the 
plant pathogenic bacteria P. aeruginosa is thought to be due to its numerous effector 
proteins encoded by mobile regions of its genome (He et al, 2004). 
 
  The completion of the Pst DC3000 genome sequence revealed the presence of over 30 
effector proteins (Buell et al, 2003) the majority of which have been shown to suppress 
plant immunity (Guo et al, 2009b).  For example the AvrPtoB effector was shown to block 
flg22-mediated callose deposition (De Torres et al, 2006).  It was subsequently shown to 
directly interact with the flg22 receptor FLS2 mediating its ubiquitin-mediated degradation, 
thus contributing to Pst DC3000 virulence (Göhre et al, 2008).  Similarly the Pst DC3000 
effector  AvrRpt2 was shown to inhibit defence signalling activated by FLS2 in Arabidopsis 
thus compromising host basal defence (Kim et al, 2005).  Abrogation of PTI by transgenic 
expression of P. syringae effectors was shown to render Arabidopsis plants highly 
susceptible to normally non-pathogenic P. syringae strains thus highlighting the importance 
of PTI in plant immunity (Hauck et al, 2003; Li et al, 2005).  The successful delivery of 
effectors that interfere with pathogen-triggered immunity (PTI) mediates a process termed 
effector-triggered susceptibility (ETS) (Jones & Dangl, 2006).  
 
1.7.2 Gene-for-gene resistance 
   
   In some plant hosts however, such effector proteins are recognised by corresponding 
plant Resistance (R) genes triggering activation of host defence responses, a process known 
as effector-triggered immunity (ETI) (Jones & Dangl, 2006).  The intended virulence function 
of such effectors is therefore overshadowed by their avirulence function.  The recognized 
effector is thus termed an avirulence (Avr) protein.  For example the P. syringae effector 
protein AvrB enhances disease susceptibility by suppressing flg22-triggered immunity, 
however such virulence function was found to be abolished in  Arabidopsis plants expressing 
the cognate resistance gene RPM1 (Shang et al, 2006).  The defence responses activated 
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during PTI and ETI show substantial overlap (Navarro et al, 2004) although ETI is 
qualitatively stronger and faster and often involves a form of localised cell death, termed 
the hypersensitive response (HR), thought to restrict the spread of the pathogen from the 
initial site of infection (Stakman, 1915).  
 
  R-gene mediated resistance provides a given plant cultivar (carrying a specific resistance 
gene), resistance to a given race of a specific pathogen (carrying a specific avirulence gene).  
Avr genes are thus a determinant of race specificity acting to limit the range of host plants 
(Kobayashi et al, 1989).  For example whilst Pst DC3000 is fully virulent in Arabidopsis, the 
Pst DC3000 effector protein HopQ1-1 is recognised by a corresponding R gene in Nicotiana. 
benthamiana (Wei et al, 2007).  HopQ1-1 thus acts an avirulence determinant in this species 
preventing Pst DC3000 virulence (Wei et al, 2007).    
 
   The majority of R genes in plants encode nucleotide-binding site leucine-rich repeat (NB-
LRR) proteins (Meyers et al, 2003) with the LRR domain acting as the major determinant for 
effector specificity (Dodds et al, 2006).  However R-proteins do not act as direct receptors 
for Avr proteins but rather are thought to indirectly recognise avirulence proteins by 
monitoring the integrity of host cell virulence targets.  For example the R-protein ‘guardee’ 
RIN4 (RPM1-INTERACTING PROTEIN 4) physically interacts with a number of R proteins in 
Arabidopsis (Belkhadir et al, 2004) and is targeted and modified by three distinct P. syringae 
effectors (AvrRpm1, AvrB and AvRpt2) (Belkhadir et al, 2004; Kim et al, 2005).  This so called 
‘guard-hypothesis’ provides a mechanism for the plant to perceive multiple effectors that 
converge on the same target.  
 
   Bacterial effectors and plant R proteins are engaged in a classical evolutionary arms race 
(Anderson et al, 2010).  The effects of PTI and ETI on plant disease resistance are elegantly 
illustrated by the ‘zigzag’ model shown in Figure 1-9 (Jones & Dangl, 2006). In summary, 
recognition of PAMPs occurs through transmembrane pattern recognition receptors (PRRs) 
and results in activation of basal plant defence.  Successful plant pathogens are able to 
overcome PTI by means of secreted effectors which suppress PTI responses thus mediating 
ETS.  In resistant host plants such effectors are recognised by corresponding 
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R genes thus mediating ETI, localised HR and hence pathogen resistance.   As a consequence 
of selection pressure some pathogens have evolved effectors able to suppress ETI thus 
triggering ETS (Ntoukakis et al, 2009).  This coevolution proceeds, with continuous selection 
for novel pathogen isolates that overcome ETI and new plant genotypes that resurrect ETI.  
 
 
Figure 1-9 - ‘Zig-Zag’ model illustrating the quantitative output of the plant immune system 
 (From Jones & Dangl, 2006). 
 
  Whilst PTI is thought to be the main mediator of basal immunity, that is immunity activated 
upon perception of a virulent pathogen on a susceptible host (Jones & Dangl, 2006),  PTI is 
also thought to play a contributory role in mediating resistance against non-adapted 
pathogen species, a process termed non-host resistance (Li et al, 2005; Zhang et al, 2010).  
Non-host resistance represents the most durable form of plant defence exerting broad-
spectrum resistance of all genotypes of a plant species to all genetic variants of a pathogen 
species.  In addition to contributing to basal and non-host resistance, PAMP perception has 
been shown to contribute significantly to systemic acquired resistance (SAR), a 
phenomenon whereby localised pathogen inoculation can induce subsequent microbial 
protection at the whole-plant level (Mishina & Zeier, 2007).  This SAR response is 
accompanied by systemic induction of defence gene expression (as further discussed in 
1.8.7)(Mishina & Zeier, 2007).  Thus PAMP perception acts as mediator of both broad-
spectrum and systemic long-lasting pathogen defence.  An increased understanding of the 
mechanisms by which PAMPs are perceived and subsequent PTI responses activated is thus 
of agricultural interest.  
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1.8  Flg22-mediated defence responses 
 
1.8.1 Production of reactive oxygen species 
 
  One of the earliest observable responses to PAMP detection is known to be the oxidative 
burst, a rapid and transient release of reactive oxygen species (ROS)(Felix et al, 1999).  In 
both cell culture and whole seedlings, treatment with the flg22 peptide has been shown to 
induce a transient burst of ROS within just minutes of treatment (Boutrot et al, 2010; Felix 
et al, 1999). These partially reduced and activated derivatives of oxygen include the highly 
reactive hydroxyl radical OH• and the superoxide anion O2
•-, which can be reduced to form 
the more stable hydrogen peroxide (H2O2).  ROS are continually generated from various 
sources during normal plant metabolism (Apel & Hirt, 2004). Uncontrolled oxidation via an 
excessive ROS production can lead to cellular damage; thus plants possess a battery of 
antioxidant mechanisms by which ROS levels are kept under check (Noctor & Foyer, 1998). 
However, despite their known toxicity, ROS are generated following exposure of plants to a 
wide variety of abiotic and biotic stimuli (Neill et al, 2002b).  ROS, and more particularly 
H2O2, are now recognised as key regulatory molecules in stress perception and signal 
transduction in plants (Neill et al, 2002b). 
 
    PAMP-induced ROS production is mediated via the action of a respiratory burst NADPH 
oxidase system analogous to that of animal phagocytes (Torres et al, 1998).  These plasma-
membrane localised enzyme complexes generate the reactive free-radical superoxide via 
the transfer of electrons from intracellular NADPH (nicotinamide adenine dinucleotide 
phosphate-oxidase) to extracellular molecular oxygen (O2).  Arabidopsis has ten known 
respiratory burst oxidase (RBOH) homologues designated ATRBOH A-J, each differing in 
expression and biological activity (Sagi & Fluhr, 2006; Torres et al, 1998).  ATRBOHD was 
shown to be the primary source of PAMP induced ROS production in leaves following 
elicitation with flg22 (Zhang et al, 2007).  A rapid and transient burst of ROS has also been 
observed in response to other bacterial PAMPs including EF-Tu (Zipfel et al, 2006), LPS 
(Meyer et al, 2001) and the fungal PAMP chitin (Miya et al, 2007) however the specific ROS 
sources in these cases remain to be determined.    
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     H2O2 generated during challenge with an avirulent pathogen follows a biphasic pattern 
(Lamb & Dixon, 1997).  The first oxidative burst reflecting elicitation by PAMPs (also 
observed following challenge with a virulent pathogen) causes a weak and transient 
accumulation of H2O2 with levels peaking around 15 minutes following inoculation.  In plants 
or cells inoculated with avirulent but not virulent pathogen strains, a second massive and 
prolonged oxidative burst occurs between 3 and 6 hours following inoculation (Levine et al, 
1994; Orlandi et al, 1992).  The second rise reflects the Avr-R protein interaction. The first 
PAMP-mediated burst is required to potentiate the second rise and hence the potency of 
the HR-mediated defence response (Levine et al, 1994).  Both ATRBOHD and ATRBOHF have 
been shown to be essential for the accumulation of ROS  in Arabidopsis following 
inoculation with avirulent Pseudomonas syringae (Torres et al, 2002).    
 
   PAMP-induced ROS production is thought to have numerous cellular effects.  ROS are 
thought to exert direct microbicidal effects (Peng & Kuc, 1992) possibly as a consequence of 
pathogen imposed oxidative stress (Noctor & Foyer, 1998).  ROS can also induce 
strengthening of host cell walls by mediating the oxidative cross-linking of cell wall 
components (Bradley et al, 1992).  Transcriptomic studies revealed that H2O2 can also 
influence the expression of a wide range of genes including those involved in defence 
responses, cell signalling and genes involved in the biosynthesis of other plant stress 
hormones (Desikan et al, 2001a; Vandenabeele et al, 2003).   
 
  ROS are also thought to play a role in plant signal transduction by modulating the activity 
of signalling proteins.  Exogenous H2O2 has been shown to modulate the activity of a 
number of kinases including members of the mitogen-activated protein kinase (MAP kinase) 
cascade (Desikan et al, 2001b; Nakagami et al, 2004).  It is thought that H2O2 may exert its 
effect on protein function via oxidative modification.  Cysteine thiol groups for example are 
oxidant-sensitive and their redox state can determine both protein activity and function 
(Ströher & Dietz, 2008).  It has thus been proposed that rapid and reversible oxidative 
modification of ROS sensing proteins in response to changes in the intracellular redox state 
may be an important molecular mechanism by which to regulate plant signal transduction 
(Hancock et al, 2006).  A recent proteomic study in Arabidopsis identified a redox-sensitive 
protein (a homologue of cytokine-induced apoptosis inhibitor 1 (AtCIAPIN1)) which was also 
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shown to undergo oxidative modification following treatment with the flg22 peptide (Wang 
et al, 2011).  Although the biological significance of such modification remains unknown, 
this study demonstrates that PAMP-mediated changes of the intracellular redox status can 
mediate protein oxidative modification with possible implications for protein activity and/or 
function.  
 
1.8.2 Production of nitric oxide 
 
  Like ROS, gaseous nitric oxide (NO) is known to be an important signalling molecule in plant 
disease resistance.  A rapid burst of NO production was observed in Arabidopsis leaf tissues 
following avirulent bacterial challenge (Zhang et al, 2003).  This NO burst was shown to 
potentiate the hypersensitive response thus preventing pathogen spread (Delledonne et al, 
1998).  Similarly, an NO burst was shown to participate in symptom development following 
challenge with the necrotrophic fungus Botrytis cinerea in Nicotiana benthamiana plants 
(Asai & Yoshioka, 2009).   
 
    The role of NO in basal PAMP-mediated plant defence was demonstrated by Zeidler and 
colleagues (2004) who showed that bacterial LPS derived from animal or plant pathogens 
can induce a rapid burst of NO in leaves of Arabidopsis (Zeidler et al, 2004).  Furthermore 
LPS was shown to regulate the transcription of an array of defence genes, with such changes 
being abolished in atnoa1 (NO-associated protein1) plants shown to be deficient in NO 
production (Moreau et al, 2008; Zeidler et al, 2004). This would thus suggest that LPS-
induced NO may play a key regulatory role in basal plant defence.  In keeping with this, 
atnoa1 mutants were found to exhibit enhanced susceptibility to the bacterial pathogen 
Pseudomonas syringae pv. tomato DC3000 (Zeidler et al, 2004).  
 
   Similar to in animals (Mizel et al, 2003b), treatment of Arabidopsis cell suspension with 
flagellin derived peptides was shown to result in rapid NO production within 30 minutes 
(Gust et al, 2007).  However when Arabidopsis plants were challenged with avirulent P. 
syringae pv. phaseolicola, a single NO burst was detected between 30-45 minutes following 
pathogen challenge; however this NO burst was found to be abolished in hrp mutant 
derivatives defective in the TTSS (Mur et al, 2006).  This would suggest that the NO burst 
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observed following pathogen challenge is Avr-R dependent. This contrasts with the 
pathogenesis-associated  biphasic ROS burst which has a first PAMP-induced burst followed 
by a second Avr-R dependent burst (Lamb & Dixon, 1997).  The biological significance of 
flg22 induced NO production during bacterial pathogenesis therefore remains unknown. 
 
  Like ROS, PAMP-induced NO may exert its effects is by post-translational protein 
modification (Durner & Klessig, 1999).  NO is able to reversibly modify thiol groups of 
specific cysteine residues in target proteins to form S-nitrosothiols, thereby altering protein 
function (Stamler et al, 1992).  Several recent studies have detected NO-mediated S-
nitrosylation of Arabidopsis proteins following challenge with HR-inducing pathogens 
however whether these changes are mediated by PAMP-induced NO remains to be 
determined (Romero-Puertas et al, 2008; Yun et al, 2011).   
 
1.8.3 Activation of MAP kinase cascades 
 
  Phosphorylation cascades of the mitogen-activated protein kinase (MAPK) class play an 
important role in plant signalling in response to a variety of abiotic and biotic stresses 
(Rodriguez et al, 2010).  These hierarchical signalling cascades consist of three kinase 
modules; a MAPK kinase kinase (MAPKKK), which phosphorylates a MAPK kinase (MAPKK), 
which in turn phosphorylates a downstream MAPK on conserved threonine and tyrosine 
residues.  MAPKs are promiscuous serine/threonine kinases which can phosphorylate a 
variety of downstream substrates including transcription factors (Miao et al, 2007).   
 
       In protoplasts, flg22 was shown to trigger rapid (<5 minutes) and strong activation of the 
MAPKs, MPK3 and MPK6 in an FLS2 dependent manner (Asai et al, 2002).  Gain and loss-of-
function analyses revealed that flg22 signalling can activate the upstream MEKK1 which can 
in turn activate MKK4 and MKK5 which redundantly phosphorylate MPK3 and MPK6 (Asai et 
al, 2002).  This MAPK signalling cascade was shown to be necessary for the transcription of 
flg22 responsive genes including members of the WRKY class of transcription factors (Asai et 
al, 2002).  WRKY proteins have been shown to bind to W-box DNA elements found in the 
promoter of many flg22-regulated defence genes (Eulgem et al, 2000; Navarro et al, 2004). 
However the WRKY proteins are unlikely to be direct targets for MAPK phosphorylation as 
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their overexpression was shown to bypass the requirement of flg22 (Asai et al, 2002).  It was 
thus proposed that MAPK signalling may mediate the  phosphorylation-dependent 
degradation of an as yet unknown WRKY inhibitor (Asai et al, 2002).  
 
  A parallel flg22-regulated  MEKK1–MKK1–MPK4 signalling pathway has more recently been 
identified (Mészáros et al, 2006).  However it is not known whether MEKK1 is a direct 
substrate for FLS2 or if additional signalling intermediates are required.  The constitutive 
activation of the MEKK1-MKK4/MKK5-MPK3/MPK6 cascade was found to confer enhanced 
resistance to both bacterial and fungal PAMPs (Asai et al, 2002) thus suggesting that the 
MAPK cascade may act as a point of convergence for signalling events initiated by a diverse 
array of pathogens.  This is in keeping with observation that the EF-Tu peptide elf18 can 
induce similar MAPK activity (Zipfel et al, 2006).   
 
   Flg22 induced activation of the MAPK cascade was found to be accompanied by dynamic 
changes in general protein phosphorylation (Merkouropoulos et al, 2008; Peck et al, 2001).  
Using mass-spectrometry based quantitative phosphoproteomics, over 70 membrane-
associated proteins were found to undergo quantitative changes in phosphorylation 
following 10 minutes exposure to flg22 (Benschop et al, 2007).  These include receptor-like 
kinase family members, protein kinases and phosphatases and defence genes (Benschop et 
al, 2007).  Interestingly the NADPH-oxidase ATRBOHD, required for flg22-mediated ROS, is 
known to undergo phosphorylation following treatment with flg22, with phosphorylation 
necessary for its full activation (Nühse et al, 2007).  Thus dynamic changes in the 
phosphoproteome appear to be a key mechanism by which PAMP-induced defences may be 
modulated. 
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1.8.4 Activation of calcium-dependent protein kinases 
 
  One of the earliest signalling events following flg22 perception is a rapid and transient 
increase in  the cytosolic Ca2+ concentration mediated via Ca2+ flux through iGluR (ionotropic 
glutamate receptor) like calcium channels (Kwaaitaal et al, 2011; Lecourieux et al, 2005).  
Pharmacological interference with flg22-triggered Ca2+ influx was shown to affect flg22-
mediated accumulation of defence genes suggesting a role for Ca2+ in flg22-mediated 
signalling (Kwaaitaal et al, 2011).  A number of flg22-regulated calcium-dependent protein 
kinase (CDPKs) were hence identified (Boudsocq et al, 2010).  CPK5 and CPK11 kinases were 
found to be activated between 5-10 minutes following flg22 elicitation (Boudsocq et al, 
2010).  Flg22-mediated CDPK activation was abolished in the presence of Ca2+ channel 
blockers and in the fls2 mutant.  CDPK activation was found to be correlated with 
transcriptional activity of selected flg22 responsive genes (Boudsocq et al, 2010).  Via 
constitutive activation, whole-genome microarray was used to identify early CDPK target 
genes. Most of the CPK5 and CPK11 target genes were found to be regulated by flg22 thus 
supporting a role for specific CDPKs in primary flg22 signalling (Boudsocq et al, 2010).  
Unexpectedly, qRT-PCR of selected flg22-inducible genes in cdpk or mapk mutants revealed 
the two kinase families to have differential regulatory activity as illustrated in Figure 1-10 
over (Boudsocq et al, 2010).  For example the flg22 induction of the MAPK-kinase specific 
target gene FRK1 (FLAGELLIN-REGULATED KINASE1) was not altered in cdpk double or triple 
mutants (Boudsocq et al, 2010).  Many of the CDPK-specific target genes were found to 
encode enzymes that modulate defence-related metabolites and redox signalling.  For 
example the cytochrome P450 monooxygenase CYP81F2 is a known requirement for flg22 
mediated cell wall callose deposition (Clay et al, 2009).  Examination of microarray data 
revealed that CDPK-target genes are also differentially regulated by other PAMPs, for 
example elf26 and chitin (Kwaaitaal et al, 2011).  Thus, in addition to the convergent PAMP-
mediated MAPK cascades, CDPKs appear to play a crucial role in early PAMP-mediated 
signal transduction. 
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Figure 1-10 - Model for parallel activation of specific CDPKs and MAPK cascades in flg22-mediated signalling. 
The CDPK and MPK cascades act differentially to control the expression of early flg22 regulated defence genes. The 
FLS2/BAK receptor complex signals to activate two MAPK cascades that impinge on the WRKY class of transcription factors 
which in turn regulate expression of genes including the pathogenesis-related proteins PR1 and PR5.  CDPK signalling 
initiated by FLS2-dependent phosphorylation and subsequent activation of calcium channels stimulates transcription of 
antimicrobial genes such as PHI1, CYP81F2 and NHL10.  Calcium signalling may also lead to activation of the MKK4/5 
cascade (Adapted from Ronald & Beutler, 2010). 
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1.8.5 Transcriptional reprogramming 
 
  In addition to the modulation of protein activity, several gene expression profiling studies 
have revealed that flg22 stimulation can induce rapid and dramatic changes in plant gene 
expression (Denoux et al, 2008; Navarro et al, 2004; Zipfel et al, 2004).  Full genome analysis 
in Arabidopsis seedlings revealed that within just 30 minutes, flg22 can significantly up-
regulate close to 1000 genes and down-regulate over 200 genes (Zipfel et al, 2004).  A 
considerable number of flg22 regulated genes identified were those with a known role in 
signal perception and transduction, including kinases, phosphatases and transcription 
factors (Navarro et al, 2004; Zipfel et al, 2004).  Amongst them were many previously 
identified components of the flagellin mediated signalling pathway such as MEKK1, MPK3 
and the flg22 receptor FLS2 (Navarro et al, 2004; Zipfel et al, 2004).  Genes involved in the 
biosynthesis of the plant hormones ethylene and salicylic acid (SA) were also amongst those 
up-regulated following flg22 treatment (Denoux et al, 2008).  Promoter sequence analysis 
revealed that many of the flg22-regulated genes contained W-box DNA elements which 
confer specific binding of WRKY class of transcription factors, which were themselves among 
the genes strongly induced by flg22, thus suggesting that flg22-mediated gene regulation 
may be self-amplifying (Zipfel et al, 2004).  A large number of up-regulated genes were 
found to encode RLKs and Resistance (R) genes (Navarro et al, 2004) suggesting that flg22 
perception may allow sensitisation for further pathogen recognition and hence a faster or 
intensified activation of defence mechanisms upon subsequent microbial challenge.  
 
   Similar to flg22, the bacterial PAMPs LPS, PGN and fungal chitin have all been shown to 
induce rapid changes in plant gene expression as assessed by microarray, with considerable 
overlap of PAMP-responsive genes (Gust et al, 2007; Ramonell et al, 2002; Zeidler et al, 
2004).  It should however be noted that comparison of microarray data can be confounded 
by differential experimental parameters employed in different studies, for example the 
choice of tissue type or timing/dosage of elicitation (Hruz et al, 2008).   
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1.8.6 Production of ethylene 
 
   A classical response associated with PAMP treatment is an increase in the biosynthesis of 
the gaseous hormone ethylene (C2H4).  Significant ethylene production was detected in leaf 
tissues treated with flg22 within just 30 minutes, with ethylene biosynthesis found to 
correlate with flg22-binding activity (Bauer et al, 2001; Navarro et al, 2004).  Ethylene is 
enzymatically biosynthesised from the amino acid precursor methionine by a cyclic process 
through intermediates S-adenosyl-methionine (SAM) and aminocyclopropane-carboxylate 
(ACC) as shown in Figure 1-11 below (Miyazaki & Yang, 1987).  The  flg22 mediated increase 
in ethylene biosynthesis is thought to be triggered by flg22-mediated transcriptional 
elevation of the ethylene-biosynthetic ACC-synthase enzymes (Denoux et al, 2008) coupled 
with MPK dependent elevation of ACC synthase activity (Liu & Zhang, 2004) although the 
contribution of each of these two processes remains to be determined.   
 
 
Figure 1-11 - Ethylene biosynthetic pathway 
Ethylene is synthesised from methionine through intermediates S-adenosyl-methionine (SAM) and aminocyclopropane-
carboxylate (ACC). The rate-limiting step in the pathway, the conversion of SAM to ACC is catalysed by the enzyme ACC 
synthase.  The last step in the pathway, the conversion of ACC to ethylene is catalysed by the enzyme ACC oxidase. The 
CH3-S group of methionine is recycled via the Yang cycle and thus conserved for continued synthesis.  
 
 Ethylene is thought to act as a stimulus for plant defences by regulating a wide-range of 
defence-associated genes including those encoding pathogenesis-related (PR) proteins 
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(Ohme-Takagi et al, 2000).   In HR-eliciting pathogen strains, the PAMP-induced rise in 
ethylene production is thought to potentiate a second burst of ethylene production induced 
by pathogen-encoded Avr genes, thus influencing the kinetics of the HR (Mur et al, 2009).  
Similar to flg22, an increase in ethylene biosynthesis has also been observed in response to 
both EF-Tu  (Kunze et al, 2004) and chitin (Mauch et al, 1984) suggesting ethylene 
production to be key component of the PAMP-mediated immune response.  
 
1.8.7 Production of salicylic acid 
  
  The phenolic plant hormone salicylic acid (SA) has long been known to play a role in plant 
disease resistance.  Transgenic tobacco and Arabidopsis plants unable to accumulate SA 
were shown to exhibit increased susceptibility to viral, fungal and bacterial  pathogens 
(Delaney et al, 1994).  Plant resistance to biotrophic pathogens is thought to be mediated 
largely via SA signalling (Glazebrook, 2005) as evident from the increased bacterial 
susceptibility of the sid2 (SA induction-deficient2) mutant (Nawrath & Métraux, 1999), 
defective in a pathogen induced isochorismate synthase required for SA biosynthesis 
(Wildermuth et al, 2001).  SA can both positively and negatively interact with other plant 
hormones, a process important for the fine tuning of plant defence (Vlot et al, 2009). 
 
   Expression profile analysis has revealed a significant overlap between the sets of genes 
regulated by PAMPs and by SA (Tsuda et al, 2008).  In keeping with this, SA was shown to 
accumulate significantly following treatment with flg22 (Tsuda et al, 2008).  Disruption of SA 
signalling components was found to strongly affect flg22-triggered changes in gene 
expression thus highlighting the importance of SA biosynthesis in PAMP-mediated signal 
transduction (Tsuda et al, 2008).  Localised flg22 application not only elevated SA levels in 
treated leaves, but was also shown to cause SA accumulation in untreated distant leaves 
(Mishina & Zeier, 2007).  This SA was shown to act as a trigger for flg22-mediated SAR, 
mediating systemic activation of defence genes such as PR1 and PR5 (Mishina & Zeier, 
2007).  Flg22 mediated SAR was found to be compromised in SA-deficient mutants such as 
sid2 (Mishina & Zeier, 2007).  This study thus extended the importance of flagellin 
perception in disease resistance from the local to the systemic level.   
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1.8.8 Callose deposition  
 
  Deposition of callose (a β-(1,3)-glucan polymer) at the cell wall is known to be a localised 
basal defence response to plant pathogen invasion (Bowles, 1990).  Upon pathogen attack 
callose-rich appositions called papillae form in the paramural space between the plasma 
membrane and the epidermal wall at the point of attempted pathogen entry (Smart et al, 
1986).  This localised cell wall reinforcement is thought to act as a physical barrier against 
further pathogen invasion (Aist, 1976; Bowles, 1990).  Deposition of callose plugs at sites of 
fungal penetration has been implicated in impeding fungal host entry (Israel et al, 1980).  
Callose deposition also constitutes a basal form of resistance to necrotrophic cell wall 
degrading bacteria such as Xanthomonas campestris pv campestris (Yun et al, 2006).   
 
   However in addition to its function as a pre-invasive defence at the epidermis, callose-rich 
papillae are also observed following challenge with bacteria which do not penetrate the cell 
wall.  Following challenge of lettuce leaves with both wild-type and TTSS deficient hrpD- 
strains of the virulent bacteria Pseudomonas syringae pv phaseolicola, large callose-rich 
papillae were observed in mesophyll cells adjacent to sites of bacteria multiplication 
(Bestwick et al, 1995).  Although its role has not been unequivocally demonstrated it is 
widely assumed that this callose deposition contributes positively toward bacterial defence 
acting to inhibit bacterial growth (Hauck et al, 2003).  As earlier discussed in section 1.7.1, 
virulent bacteria including Pst DC3000 possess effectors capable of suppressing bacterial 
mediated callose deposition.  For example the bacterial effector AvrPtoB was found to 
inhibit Pst DC3000 papilla formation when expressed in transgenic Arabidopsis plants (De 
Torres et al, 2006).  That adapted bacteria have evolved effectors capable of suppressing 
such defence would suggest that callose deposition likely acts to inhibit intercellular 
bacterial proliferation.  The mechanisms by which this might be achieved remain unknown 
although it is possible that as suggested by Vance et al (1980), the strengthening of the cell 
wall may serve to restrict the diffusion of host-derived nutrients to the apoplast. 
 
  As a basal defence, callose deposition is PAMP-induced.  Callose is deposited at the cell 
wall several hours following apoplastic infiltration of the flg22 peptide (Gomez-Gomez et al, 
1999).  However other PAMPs also mediate callose deposition (Emel’yanov et al, 2008; 
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Keshavarzi et al, 2004) and flg22-mediated callose deposition has been shown to make only 
a qualitative contribution to overall levels of TTSS-deficient Pst DC3000-induced callose 
deposition (Kim et al, 2005).    
 
  Callose deposition in response to flg22 is mediated via the callose synthase POWDERY 
MILDEW RESISTANT 4 (PMR4) (Clay et al, 2009), the main biosynthetic enzyme responsible 
for callose deposition in response to biotic and abiotic stresses (Nishimura et al, 2003).   
It is thought that local ion fluxes or increases in Ca2+ influx mediated following PAMP 
perception may mediate activation of the callose synthase enzyme (Bowles, 1990).  Flg22 
mediated ROS production via ATRBOHD (shown to depend on initial upstream calcium 
elevation (Ranf et al, 2011)) is also a known requirement for flg22-mediated callose 
deposition (Zhang et al, 2007).   
 
1.8.9  Stomatal closure 
 
   In addition to mediating a variety of post-invasive defences it has more recently been 
shown that flg22-perception can act to mediate pre-invasive stomatal pathogen defence 
(Melotto et al, 2006).  As earlier discussed in section 1.2.3, many bacterial plant pathogens 
facilitate host plant entry via open stomata.  As consequence plants have evolved 
mechanisms by which to actively perceive potential pathogens and respond by mediating 
closure of the stomatal aperture.  This process is facilitated by guard-cell PAMP recognition.  
Incubation of wild-type Columbia epidermal leaf peels in flg22-supplemented media was 
shown to induce dramatic stomatal closure within just 1 hour (Melotto et al, 2006).  
Conversely, flg22 failed to induce stomatal closure in epidermal peels of the fls2 mutant 
suggesting that guard-cell flagellin perception depends on the presence of a functional FLS2 
receptor (Zeng & He, 2010).  fls2 mutant plants spray inoculated with Pst DC3000, were 
shown to exhibit enhanced bacterial susceptibility when compared to wild-type plants  
(Zipfel et al, 2004).  Stomatal closure in response to flg22-perception is thus thought to act 
as an integral part of Arabidopsis innate immunity playing a vital role in actively restricting 
bacterial entry via stomata thereby preventing successful host plant colonisation.  
Interestingly, the enhanced susceptibility of the fls2 mutant  was not observed when 
bacteria were inoculated via syringe infiltration (Zeng & He, 2010).  This would suggest that 
49 
 
flg22-mediated defences may be manifested at the epidermis where bacterial pathogens 
are most reliant on flagella-based motility.  It has for example been shown that following 
surface inoculation, Pseudomonas syringae pv. phaseolicola mutants unable to regulate 
motility exhibit reduced virulence (Panopoulos, 1974).  This reduced virulence was not 
however observed following infiltration of bacteria into the apoplastic space (Panopoulos, 
1974).  
 
    The mechanisms by which flg22 mediates stomatal closure are not fully understood. 
However, the phytohormone abscisic acid (ABA) is known to play a prominent role (Melotto 
et al, 2006).  ABA is a well-known regulator of stomatal aperture and is the primary 
mediator of stomatal closure in response to water deficit (Henson, 1981).  The mechanisms 
by which ABA mediates stomatal closure are well studied.  ABA perception mediates the 
activation of calcium channels in the guard-cell plasma membrane thus triggering calcium 
influx (McAinsh et al, 1990).  The consequent increase in cytosolic calcium concentration 
promotes the opening of anion channels mediating anion efflux (Roelfsema et al, 2004) 
whilst the resulting change in membrane potential activates voltage-gated outward-
rectifying potassium channels (K+ out) (Blatt & Armstrong, 1993; Schroeder et al, 1987).  The 
consequent sustained efflux of anions and K+ drives water efflux from the guard cells, which 
thus deflate, narrowing the stomatal pore.  Secondary messengers in the process include 
ROS (shown to be required for calcium channel activation) (Pei et al, 2000), NO (Neill et al, 
2002a) and the guard-cell specific kinase OPEN STOMATA1 (OST1) (Mustilli et al, 2002), each 
of which are a known requirement for flg22-mediated stomatal closure (Desikan et al, 2008; 
Melotto et al, 2006).  ROS and NO production can be detected in stomatal guard cells within 
30 minutes following flg22 elicitation (Desikan et al, 2008; Melotto et al, 2006).  Evidence 
also point to a role for the phytohormone SA in flg22-mediated stomatal closure with 
epistatic analysis suggesting SA acts upstream of ABA (Zeng & He, 2010).   
 
  Some bacteria have evolved mechanisms by which to circumvent PAMP-mediated stomatal 
responses. The phytopathogenic bacterium Pst DC3000 does so via the secretion of the 
toxin coronatine (Melotto et al, 2006).  Coronatine was shown to actively mediate stomatal 
reopening via the activation of a guard cell plasma membrane H+-ATPase thus causing 
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membrane hyperpolarisation, the subsequent induction of inward K+ channels and 
concomitant increase in guard cell turgor due to water influx (Liu et al, 2009).   
 
    It has previously been shown that the Arabidopsis protein AHK5 is essential for flagellin-
mediated stomatal closure (Desikan et al, 2008).  AHK5 belongs to a small family of 11 
Arabidopsis histidine kinases (HK) (Hwang et al, 2002). Such HKs are thought to mediate 
phosphorylation dependent signal transduction via what is known as ‘two-component’ 
signalling.   The identification of AHK5 as a mediator of flagellin-induced stomatal responses 
thus suggests a novel role for histidine kinases as mediators of phosphorylation dependent 
flg22-mediated signalling.   
 
1.9 Two-component signal transduction 
 
1.9.1 Mechanisms of two-component signal transduction 
 
    Histidine kinases are known to play a major role in signal transduction in prokaryotes, 
acting via a ‘two-component system’ (TCS).  In response to a given stimulus a histidine 
kinase (HK) protein receives and transmits a signal to a partner response regulator (RR) via 
phosphorelay (Stock et al, 2000). The bacterial HK sensor protein has two domains, an input 
domain which receives the environmental signal and a transmitter domain which transmits 
the signal to the response regulator. In response to signal input the transmitter domain has 
the ability to autophosphorylate on a specific histidine (His) residue near the amino 
terminus.  The phosphate is then transferred to a specific aspartate (Asp) residue in the 
receiver domain (REC) of the response regulator (RR) as illustrated in Figure 1-12.  
Phosphorylation of the aspartate residue causes the response regulator to undergo a 
conformational change which brings about a cellular response. 
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Figure 1-12 - Prototypical two-component signal transduction system in prokaryotes 
 (From Gao & Stock, 2009) 
 
  RRs can be classified into two distinct subtypes – type-A and type-B (Imamura et al, 1999).  
Whilst both type A and B ARRs consist of a phosphoaccepting receiver domain, members of 
the type-B responses regulators have an additional C-terminal output domain (Imamura et 
al, 1999).  This output domain contains an 80 amino acid signature sequence known as a B-
motif (Hosoda et al, 2002; Imamura et al, 1999).  The B-motif contains a helix-turn-helix 
motif and has the ability to bind double-stranded DNA in a sequence specific manner (Sakai 
et al, 2000).  In consistency with this, members of the type B-ARRs have been shown to 
function as stimulus-induced transcriptional activators (Sakai et al, 2000). 
 
   In prokaryotes, signal transduction by such a two-component system has been implicated 
in a wide variety of cellular responses to various environmental stimuli. The two-component 
pathway is exemplified by the E. coli osmosensing pathway involving a single phosphoryl 
transfer between the histidine kinase EnvZ and its cognate response regulator transcription 
factor OmpR, thus modulating expression of outer membrane porin proteins (Forst et al, 
1989).  Analysis of the complete E. coli genome identified over 30 distinct HK-RR circuits 
(Mizuno, 1997).  HK His-Asp phosphorelay is thus thought to be a key signalling mechanism 
by which bacteria mediate a wide variety of adaptive cellular responses.  
 
   Whereas the two-component system has been firmly established as a prevalent signalling 
mechanism in bacteria, the existence of two-component regulators in eukaryotic systems 
has been uncovered only recently.   
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1.9.2 Two-component signalling in eukaryotes 
 
    The first of such proteins to be identified was the SLN1 (SYNTHETIC LETHAL OF N-END RULE) 
protein of the yeast Saccharomyces cerevisiae, an osmosensing protein which was found to 
have sequence similarities to both histidine kinases and response regulator proteins of 
bacteria (Ota & Varshavsky, 1993).  This type of histidine kinase is now referred to as 
‘hybrid’ histidine kinase.  Many of the sensor kinases since identified in eukaryotic systems 
are hybrid HKs, in which a receiver module is fused to the HK domain such that a single 
protein encompasses both of the two-component elements.  Similar to the prototypical HK, 
perception of an external stimulus induces autophosphorylation of the sensory histidine 
kinase.  Instead of phosphoryl transfer directly from the histidine kinases to the response 
regulator, the phosphoryl group is first transferred to a conserved aspartate residue in the 
HK receiver domain (Grefen & Harter, 2004).  The phosphoryl group is then transferred to a 
conserved His residue of a His phosphotransfer (HPt), which subsequently translocates to 
the nucleus where the phosphoryl group gets passed to a conserved Asp residue in the 
receiver domain of an ARR protein as shown in Figure 1-13 below.   
 
 
 
 
Figure 1-13 - Multistep two-component signalling system in eukaryotes 
 (From Gao & Stock, 2009) 
 
    Two-component histidine kinases have subsequently been identified in a number of other 
eukaryotic microorganisms including fungi and slime molds (Reviewed by Loomis et al, 
1998).  More recently a number of histidine kinase proteins have been identified in the 
model plant Arabidopsis. 
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1.9.3 Two-component signalling in Arabidopsis  
 
  Analysis of the Arabidopsis genome identified 54 genes encoding two-component elements 
including 11 His protein kinases (AHKs), 5 putative intermediate proteins with His 
phosphotransfer activity (Arabidopsis histidine phosphotransfer proteins AHPs 1 to 5), and 
22 putative response regulators (Arabidopsis response regulators ARRs 1 to 22) (Lohrmann 
& Harter, 2002).  This would suggest that as in bacteria, two-component signalling may be a 
key mechanism by which plants sense and respond to environmental stimuli.  A number of 
Arabidopsis HKs have been identified as receptors involved in the detection of, and signal 
transduction by the plant hormones ethylene and cytokinin  supporting the importance of 
two-component proteins in plant signal transduction (Guo & Ecker, 2004; Kakimoto, 2003).   
   
  On the basis of sequence analysis and function the 11 Arabidopsis HKs can be divided into 
several distinct subgroups as shown in Figure 1-14.   
 
 
 
Figure 1-14 - Phylogenetic relationship of histidine kinases 
Schematic showing unrooted tree based on amino acid alignment of the eleven histidine kinase sequences. The cytokinin 
receptor family are shown in blue and the ethylene receptor family in green.  Phylogenetic analysis was performed using 
protein sequences obtained from the TAIR website aligned using Clustal W2 and illustrated using TreeView.  Bootstrap 
values are indicated at the nodes of each branch. 
 
54 
 
 
 
  The cytokinin receptor gene family consists of three hybrid histidine kinases; AHK2, AHK3 
and AHK4 (also known as CRE1 (CYTOKININ RESPONSE1) (Inoue et al, 2001) or WOL1 
(WOODEN LEG1) (Mähönen et al, 2000) but referred to as AHK4 from here on).  The 
ethylene receptor gene family is comprised of five receptors, ETR1 (ETHYLENE RESPONSE1), 
ETR2, EIN4 (ETHYLENE INSENSITIVE4), ERS1 (ETHYLENE RESPONSE SENSOR1) and ERS2.  
Three of the five ethylene receptors carry a receiver domain and hence are classified as 
hybrid histidine kinases, these being ETR1, ETR2 and EIN4, whilst this domain was found to 
be absent in ERS1 and ERS2.  The remaining hybrid histidine kinases, AHK1, proposed to 
function in osmosensing (Tran et al, 2007) and CKI1, involved in the regulation of female 
gametophyte development (Deng et al, 2010), fall into another subgroup.   AHK5, the only 
Arabidopsis histidine kinase lacking a transmembrane domain, appears to be evolutionarily 
distinct and does not belong to any of these subgroups.  The domain structure of the 11 
Arabidopsis histidine kinases is illustrated in Figure 1-15. 
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Figure 1-15 - Domain structure of the 11 Arabidopsis histidine kinases 
Schematic showing the structure and function of the 11 Arabidopsis histidine kinases. Histidine kinase domains are 
indicated by open rectangles with the letter H indicating the presence of phosphorylatable histidine residue. Receiver 
domains are indicated by rectangles with the letter D indicating the presence of a conserved aspartate residue. 
Transmembrane domains are indicated by black rectangles (Adapted from Kakimoto 2003). 
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1.10 Ethylene receptor gene family 
 
1.10.1 The gaseous plant hormone ethylene 
 
   Ethylene was first identified as a natural product of plant metabolism in connection with 
its effects on fruit ripening (Denny, 1924).  It has since been shown that ethylene can 
regulate a wide range of plant responses including mediating seed germination, leaf 
abscission and flower senescence (Reviewed by Abeles et al, 1992).  Ethylene can be 
produced in all plant tissues although its rate of production depends on both tissue type and 
developmental stage.  Ethylene can also be actively produced in response to  number of 
environmental stimuli including abiotic stresses for example flooding or drought stress 
(Reviewed by Morgan & Drew, 1997).  As discussed in section 1.8.6 ethylene is also 
produced in response to PAMP perception (Bauer et al, 2001) and acts as a mediator of 
plant defence (Thomma et al, 1999).  
 
   Etiolated seedlings treated with ethylene exhibit characteristic morphological changes 
including exaggerated curvature of the apical hook, radial swelling of the hypocotyl, and 
shortening of the hypocotyl and root (Neljubow, 1901). This so called ‘triple response’ is a 
classical hallmark of ethylene action (Guzman & Ecker, 1990).  The ethylene-induced ‘triple 
response’ has been exploited as a rapid and easy genetic screen by which to identify 
ethylene-response mutants (Guzman & Ecker, 1990).  In combination with genetic analysis, 
major components of the Arabidopsis ethylene signalling pathway were thus identified and 
their mechanisms of action determined.   
 
1.10.2 Ethylene perception 
 
1.10.2.1 Ethylene receptor family 
 
  Ethylene is perceived in Arabidopsis by a family of five HK receptors, ETR1, ETR2, EIN4, 
ERS1 and ERS2.  The first of such receptors to be discovered was ETR1, a mutant of which 
was identified based on its insensitivity to exogenously applied ethylene, as seen in the 
triple response (Bleecker et al, 1988).  ETR1 was subsequently cloned and found to encode a 
protein with sequence similarity to bacterial  two-component regulators with a conserved C-
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terminal His Kinase (HK) domain fused to a response regulator motif (Chang et al, 1993).  It 
was therefore proposed that ETR1 may function in a manner analogous to bacterial sensor 
HKs with ethylene-binding regulating the activity of the proposed histidine kinase domain.  
In keeping with this theory, expression of ETR1 in transgenic yeast revealed that the amino-
terminal hydrophobic domain of the ETR1 protein acts as a site of ethylene binding (Schaller 
& Bleecker, 1995).  It was subsequently demonstrated that the ETR1 receptor contains 
intrinsic histidine autokinase activity (Gamble et al, 1998).   ETR1 was thus the first protein 
with histidine kinase activity to be identified in higher plants.  Ethylene binding was 
subsequently shown to control the autophosphorylation of the HK domain of the ETR1 
receptor (Voet-van-Vormizeele & Groth, 2008).  Via sequence homology, four other 
ethylene receptors ETR2, EIN4, ERS1 and ERS2 were identified (Hua et al, 1995; Hua et al, 
1998; Sakai et al, 1998). 
 
   Based on amino acid sequence similarity the ethylene receptor family can be divided into 
two subfamilies, subfamily 1 containing ETR1 and ERS1, and subfamily 2 containing ETR2, 
EIN4 and ERS2 as illustrated in Figure 1-16 below.  Of the five identified receptors ETR1, 
ETR2 and EIN4 have conserved receiver domains at the C-termini, whilst this motif is absent 
in ERS1 and ERS2. 
  
 
Figure 1-16 - Ethylene receptor family of Arabidopsis 
Based on phylogenetic analysis the ethylene-receptors can be divided into two subfamilies (subfamily 1 and 2) as shown.  
The conserved histidine (H), N, G1, F and G2 boxes and the aspartate (D) containing receiver domain are indicated where 
present (From Hall et al, 2007). 
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 Interestingly however, whilst all five signature motifs of bacterial histidine kinases were 
found to be well conserved in subfamily 1 members, ETR2 and ERS2 of subfamily 2 were 
found not to have a histidine residue at the predicted site of autophosphorylation.   As 
illustrated in Figure 1-16, characteristic HK motifs termed the N, G1, F and G2 boxes, 
required for ATP-binding and hydrolysis and shown to be essential for autokinase activity in 
bacterial HKs (Parkinson & Kofoid, 1992), were also found to be absent in members of 
subfamily 2 (Hua et al, 1998) thus suggesting that members of subfamily 2 are His-Kinase 
inactive.    
 
    Targeted disruption of the five ethylene receptors revealed their function in ethylene 
signalling to be redundant (Hua & Meyerowitz, 1998).  Whilst single loss-of-function 
mutations were found to have little or no effect on ethylene signal transduction, in 
combination the mutants displayed constitutive ethylene responses (Hua & Meyerowitz, 
1998).  The observation that ethylene responses become constitutive when the receptors 
are disrupted indicates that in the absence of ethylene, the receptors appear to be ‘on’ and 
are actively repressing ethylene responses.  Ethylene-binding is thought to inactivate the 
receptors thus allowing the response pathway to proceed.  Despite functional overlap, 
mutational analysis indicates that the subfamily 1 members ETR1 and ERS1 play the 
predominant role in ethylene signalling (Qu et al, 2007) however all five ethylene receptors 
have been shown to bind ethylene with similar affinity (Wang et al, 2003).  The receptors 
have been shown to interact with one another forming a large multisubunit complex (Gao et 
al, 2008) located at the endoplasmic reticulum (ER) (Chen et al, 2002) suggesting that 
interactions among receptors may contribute to ethylene signal output.  
 
     In contrast to the loss-of-function receptors, receptors with dominant missense 
mutations at the ethylene-binding site are unable to bind ethylene but are still thought to 
be active as negative regulators of the response pathway (Gamble et al, 2002).  Whilst other 
functional receptors may still bind ethylene, the mutant receptor continues to dominantly 
repress ethylene responses despite ethylene presence.  For example the ethylene-
insensitive mutant etr1-1 contain a missense mutation in the ethylene binding amino-
terminal region (Chang et al, 1993).  This mutation (Cys65Tyr) has been shown to prevent 
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binding of a copper cofactor required for ethylene binding  and  thus confers ethylene 
insensitivity (Rodríguez et al, 1999).   
  
   Despite the fact that three of the five receptors lack HK activity, mutation within the 
ethylene-binding domain of any one of the five isoforms can result in dominant ethylene 
insensitivity (Hua et al, 1995; Hua et al, 1998; Sakai et al, 1998).  It has however been shown 
by several studies that mutational inactivation of ETR1 His-kinase activity does not abolish 
the ability of ETR1 to repress ethylene responses (Binder et al, 2004; Gamble et al, 2002; 
Kim et al, 2011; Wang et al, 2003).  It has hence been suggested that in contrast to bacterial 
two-component systems, the histidine kinase activity does not play a primary role in 
ethylene receptor signalling.  There are however several studies that suggest that the 
histidine kinase activity of ETR1 may modulate aspects of ethylene signalling (Hall et al, 
2012; Hass et al, 2004; Voet-van-Vormizeele & Groth, 2008).  The primary role of the 
histidine kinase domain however, appears to be as docking site for the downstream Raf-like 
kinase CTR1 (CONSTITUTIVE TRIPLE RESPONSE 1) (Gao et al, 2003).    
 
1.10.2.2 CTR1 - A negative regulator of the ethylene response pathway 
 
  ctr1-1 was identified as a mutant that constitutively exhibited a  phenotype similar to that 
observed in plants treated with ethylene (Kieber et al, 1993).  Epistatic analysis revealed 
that CTR1 functions downstream of the ethylene-receptor ETR1 (Kieber et al, 1993). CTR1 
was subsequently cloned and found to encode a putative serine/threonine kinase closely 
related to the mammalian Raf MAPKKKs (Kieber et al, 1993).  CTR1 interacts with the kinase 
domain of both ETR1 (Gao et al, 2003) and ERS1 in vitro (Clark et al, 1998) although ethylene 
receptor histidine kinase activity is not required for such interaction (Gao et al, 2003).  
CTR1/ETR1 interaction is required for negative-regulation of ethylene signalling by CTR1 
(Huang et al, 2003).  Mutations in highly conserved residues of the CTR1 kinase domain 
(such as ctr1-1) confer constitutive ethylene responses (Gao et al, 2003) thus suggesting that 
the kinase activity of CTR1 is required to repress ethylene responses.  It is thus thought that 
in the absence of ethylene, the ethylene receptors bind and activate the CTR1 kinase, 
resulting in suppression of downstream ethylene signalling.  In the presence of ethylene, 
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CTR1 dissociates from the receptors and becomes inactive, resulting in derepression of the 
downstream ethylene pathway. 
 
1.10.2.3 EIN2 – A central regulator of ethylene signalling 
 
  Another key component of the ethylene signalling pathway is EIN2 (ETHYLENE INSENSITIVE 
2).  As its name suggests, the recessive ein2 mutation blocks all ethylene responses (Alonso 
et al, 1999).  The EIN2 gene was found to encode a protein of similarity to the mammalian 
N-RAMP family of cation transporters however transport activity has yet to be 
demonstrated (Alonso et al, 1999). The EIN2 protein has been localised to the ER where it 
has been shown to interact with both ETR1 (Bisson et al, 2009) and other members of the 
ethylene-receptor family (Bisson & Groth, 2010).  Interestingly the autokinase activity of 
ETR1 modulates its interaction with EIN2 (Bisson & Groth, 2010) however the significance of 
this remains unknown and it is difficult to reconcile with observations that histidine kinase 
activity of ETR1 is not required for ethylene signalling (Binder et al, 2004; Gamble et al, 
2002; Kim et al, 2011; Wang et al, 2003).  CTR1, also localised to the ER (Gao et al, 2003), is 
assumed to play a critical role in the ETR1-EIN2 interaction; however the precise 
mechanisms by which the three proteins may interact and the role of both MAPK and His 
kinase activity in such interactions are still to be clarified (Han et al, 2010).  A proposed 
mechanism by which interaction may take place is shown in Figure 1-17 below.  
 
Figure 1-17 - Schematic model of the processes induced at the ER membrane by the binding of the ethylene to ETR1 
 
In the absence of ethylene (left), the ETR1 protein exhibits intrinsic autokinase activity. CTR1 is tightly associated with 
phosphorylated ETR1 preventing the receptor from interacting with EIN2.   Upon ethylene binding (right), autokinase 
activity of the receptors is inhibited. CTR1 dissociates from the non-phosphorylated receptor and becomes inactive.  The 
inactivation of CTR1 allows the transmembrane protein EIN2 to associate with the receptor complex and become active 
allowing ethylene responses to proceed (From Bisson & Groth, 2010). 
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1.10.2.4  EIN3 – An ethylene-stabilised transcription factor 
 
  One of the primary mechanisms by which ethylene exerts its effect is via transcriptional 
regulation.  Arabidopsis microarray analysis of around 6000 unique genes revealed that 
approximately 7% of such genes were ethylene-regulated (Van Zhong & Burns, 2003).  Given 
the vast array of plant processes in which ethylene is known to play a role, this is not 
perhaps surprising. Plant defence genes were among those highly up-regulated including a 
number of pathogenesis-related proteins, known to be rapidly up-regulated following 
microbial infection (Kitajima & Sato, 1999).  Consistent with complex plant hormonal 
interplay, other ethylene-regulated genes include components of hormonal signalling 
pathways for example auxin and jasmonic-acid related genes (Van Zhong & Burns, 2003).  A 
large number of transcription factors and signalling components were also found to be 
regulated by ethylene (Van Zhong & Burns, 2003).    
 
  Mutants of the nuclear localised EIN3 and its paralogs, the EILs (EIN3-LIKE PROTEINS) were 
identified as exhibiting greatly reduced ethylene responses (Chao et al, 1997).  EIN3 and the 
EILs were subsequently identified as a family of novel sequence-specific DNA-binding 
proteins that regulate expression of genes rapidly induced by ethylene (Chao et al, 1997).  
One such immediate EIN3 target was identified as the transcription factor ERF1 (ETHYLENE-
RESPONSE-FACTOR1) (Solano et al, 1998).  ERF1 belongs to the ethylene-responsive element 
binding protein (EREBP) family (Ohme-Takagi & Shinshi, 1995).  A regulatory sequence called 
the ethylene response element (ERE) has been identified in the 5' upstream region of many 
ethylene-regulated genes (Van Zhong & Burns, 2003).  Members of the EREBP family of 
transcription factors, such as ERF1, have been shown to specifically bind to this motif 
mediating downstream transcription (Fujimoto et al, 2000).  The nuclear proteins EIN3 and 
ERF1 thus act sequentially in a cascade to mediate ethylene-induced transcriptional 
regulation.  
   
  EIN3 is a short-lived protein and in the absence of ethylene is rapidly degraded by a 
ubiquitin/26s proteasome pathway, a process mediated by two F box proteins EBF1 and 
EBF2 (EIN3-binding F-box and 2) (Guo & Ecker, 2003).  Upon ethylene treatment, EIN3 is 
quickly stabilised.  It has recently been shown that EIN2 is essential for such stabilisation 
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acting to repress the accumulation of EBF1/EBF2 that target EIN3/EIL1 for degradation (An 
et al, 2010).  Thus ethylene acts to modulate signalling output by regulating the levels of 
EIN3 and EIN3-like proteins.  
 
1.10.2.5 ARR2 – An ethylene regulated response factor 
  
  Until recently it was assumed that downstream ethylene signal transduction was 
dependent exclusively on the activity of CTR1.  However, it has been demonstrated that ctr1 
mutants still display residual ethylene responses suggesting the existence of additional 
ethylene signalling pathways (Hall & Bleecker, 2003; Larsen & Chang, 2001).  The response 
regulator ARR2 has been identified as a component of such an additional branch of the 
ethylene signalling pathway (Hass et al, 2004).  arr2 loss-of function seedlings were found to 
exhibit reduced sensitivity to ethylene, thus suggesting that ARR2 acts a positive regulator 
of ethylene signalling (Hass et al, 2004).  Further analyses revealed that an ETR1-dependent 
phosphorelay positively regulates the transcription factor activity of ARR2 (Hass et al, 2004).   
Thus whilst the CTR1-dependent ethylene signalling pathway is negatively regulated by 
ETR1,  the ARR2 dependent pathway appears to be subject to ETR1 mediated positive 
regulation.  Interestingly ARR2 was shown to bind directly to the promoter of ERF1 
mediating ERF1 reporter gene expression in Arabidopsis protoplasts (Hass et al, 2004).  This 
would thus suggest that both the classical CTR1 and the ARR2-dependent ethylene signal 
transduction pathways may converge to regulate similar downstream target genes.  
 
    Via fluorescence spectroscopy ETR1 has been shown to interact with the histidine 
phosphotransfer protein AHP1 (Scharein et al, 2008), with interaction dependent on the 
phosphorylation status of the two proteins (Scharein & Groth, 2011).  AHP1 is also known to 
interact with ARR2 (Dortay et al, 2008), although two-component ethylene mediated 
phosphotransfer has yet to be demonstrated.  The two-component system is not thought to 
the primary mechanism of ethylene transduction.  Instead it is thought that the kinase 
activity of ETR1 may have more subtle effect on ethylene signalling acting to modulate or 
fine-tune the ethylene responses pathways (Hass et al, 2004).  This was subsequently 
confirmed by Hall et al (2012) who showed that mutants defective in subfamily 1 members 
could be complemented by both kinase active and kinase inactive versions of the ETR1 
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receptor however the lines carrying the inactive ETR1 receptor exhibited subtle differences 
in their growth sensitivity to ethylene.   
 
   Interestingly ARR2 has also been shown to function as a transcriptional regulator in 
response to the plant hormone cytokinin (Hwang & Sheen, 2001),  thus it is thought that 
ARR2 may  act as a key node allowing crosstalk between cytokinin and ethylene-mediated 
signalling pathways.    
 
1.11 Cytokinin receptor gene family 
 
1.11.1 Cytokinins 
 
  The cytokinins were discovered in the search for factors that stimulate plant cell division 
(cytokinesis).  In 1913, Gottlieb Haberlandt discovered that a compound found in phloem 
had the ability to stimulate cell division in potato tubers (Haberlandt, 1913).  The first 
cytokinin was isolated by Folke Skoog and co-workers who found that autoclaved herring 
sperm DNA was a powerful promoter of plant cell division (Miller et al, 1955).  The active 
compound, a by-product of heat induced degradation of DNA, was identified as an adenine 
derivative (6,-furfurylamino-purine) and named kinetin (Miller et al, 1955).  Kinetin is not a 
naturally occurring plant growth regulator, however a cell division stimulatory compound of 
similar structure was subsequently identified in the endosperm of maize (Miller, 1961).  It 
was later called zeatin (Letham, 1973). Zeatin (4-hydroxy-3-methylbut-2-enylamino) is an 
adenine derivative, synthesised by the addition of a hydroxylated isopentyl side chain to 
ADP or ATP, a reaction catalysed by adenosine phosphate-isopentenyltransferases (IPT) 
(Miyawaki et al, 2006).  Zeatin is the most common naturally occurring cytokinin in plants 
(Shaw, 1994) and can occur in either the cis (Cz) or trans (tZ) form, the trans form 
predominating in Arabidopsis (Inoue et al, 2001).  Like synthetic cytokinins, zeatin can 
promote the differentiation of cultured callus tissue when added to the culture medium 
along with auxin (Miller, 1961; Skoog & Miller, 1965).  Other naturally occurring cytokinins 
include isopentenyl adenine (iP) and dihydrozeatin (DHZ).  Cytokinins can also occur as 
riboside and ribotide conjugates which are generally less active than their corresponding 
free bases (Yamada et al, 2001).  The various cytokinin forms can be enzymatically 
64 
 
interconverted (Burch & Stuchbury, 1987).  The cytokinins can also be reversibly or 
irreversibly enzymatically conjugated with sugars and amino acids thus affecting their 
biological activity (Brzobohaty et al, 1993; Hou et al, 2004).  The presence of the respective 
cytokinin species can vary greatly between tissues and developmental stage (Benková et al, 
1999; Dewitte et al, 1999; Emery et al, 2000).  In addition to synthesis and conjugation, the 
pool of active cytokinins can be altered by their cytokinin-oxidase dependent degradation, a 
process of importance in regulating and limiting cytokinin effects (Bilyeu et al, 2001; Morris 
et al, 1999).    
 
  Cytokinins act locally to mediate cell proliferation in the shoot apical meristem (SAM) 
(Werner et al, 2001).  Consistent with the role of cytokinin in the regulation of cell division, 
cytokinin treatment was shown to elevate expression of the CYCD3 gene (Riou-Khamlichi et 
al, 1999) which encodes a D-type cyclin required for progression through G1 phase of the 
cell division cycle (Charles, 1995).  However in contrast to their function in the shoot, 
cytokinins act as negative regulators of root apical meristem (RAM) activity (Werner et al, 
2003).  The size of the RAM is established by a balance between auxin and cytokinin: auxin 
promoting cell division and cytokinin promoting cell differentiation (Ioio et al, 2008).  Cell 
division is maintained in the RAM by the high shoot-derived auxin maxima whilst auxin 
responses are antagonised in the transition zone (the boundary between dividing and 
elongating cells) by cytokinin synthesised in the root vasculature.  The accumulation of 
cytokinin is closely correlated with the nutritional status of the plant (Argueso et al, 2009; 
Takei et al, 2001).  When nutrient levels are low, cytokinin levels are similarly low, resulting 
in increased root growth required for nutrient acquisition (Takei et al, 2001).  Optimal levels 
of soil nutrients promote an increase in the cytokinin content in roots (Takei et al, 2001). 
This cytokinin can then be transported via the xylem to the shoot, where it favours aerial 
plant growth thus maximising photosynthetic capacity (Matsumoto-Kitano et al, 2008).  In 
addition to their role in regulating meristem activity, cytokinins also regulate diverse aspects 
of plant growth and development including the regulation of vascular development, the 
control of root and shoot branching and the delay of leaf senescence (Werner & Schmulling, 
2009). There is also evidence to suggest that cytokinin levels may be modulated following 
drought stress (Alvarez et al, 2008).   
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1.11.2 Cytokinin perception 
1.11.2.1 Cytokinin receptor family 
 
   Using the transmitter domain of ETR1, a similarity search of Arabidopsis genomic 
sequences identified three putative genes with strong HK sequence similarity (Ueguchi et al, 
2001a).  Phylogenetic analysis revealed the three genes, designated as AHK2, AHK3 and 
AHK4, to belong to a novel family of Arabidopsis HKs (Ueguchi et al, 2001a).  cDNA analysis 
revealed all three HKs contain a typical transmitter domain and receiver domain indicating 
them to be hybrid histidine kinases (Ueguchi et al, 2001a).  Furthermore, all three HKs were 
found to contain characteristic HK consensus motifs H, N, G1, F and G2 in the kinase domain 
and a conserved aspartate residue at the predicted position in the receiver domain 
suggesting them to be functional hybrid-type HKs (Ueguchi et al, 2001a).  Hydrophobicity 
analyses revealed the presence of putative transmembrane domains suggesting the three 
HKs to be membrane-localised (Ueguchi et al, 2001a).  Although originally thought to 
localise to the plasma-membrane it has recently been shown that, like the ethylene 
receptors, the cytokinin receptors are endomembrane associated localising to the ER 
(Wulfetange et al, 2011).  
 
    A subsequent genetic screen for mutants  with altered cytokinin-mediated cell 
proliferation led to the identification of a mutant impaired in cytokinin responses, 
designated cytokinin responses 1-1 (cre1-1) (Inoue et al, 2001).  The mutated gene (CRE1) 
was mapped and found to encode the histidine kinase AHK4 (Inoue et al, 2001). The AHK4 
cDNA was subsequently shown to confer cytokinin responsiveness in yeast, thus in contrast 
to the ethylene receptors which negatively regulate ethylene responses, AHK4 acts as a 
positive regulator of cytokinin responses (Ueguchi et al, 2001b).  Mutation of the conserved 
histidine and aspartate residues were found to abolish cytokinin-responsiveness in yeast  
suggesting cytokinin perception may be mediated via two-component signal transduction 
(Inoue et al, 2001).  In vitro cytokinin-mediated autophosphorylation of AHK4 was later 
demonstrated (Mähönen et al, 2006).  Cytokinin binding assays in fission yeast subsequently 
demonstrated that AHK4 can directly bind a variety of natural and synthetic CKs, thus 
providing conclusive evidence that AHK4 acts as a cytokinin receptor (Yamada et al, 2001).  
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  Consistent with their high sequence homology to AHK4, AHK2 (Higuchi et al, 2004) and 
AHK3  were similarly shown to act as positive regulators of cytokinin activity when 
expressed in heterologous systems  (Higuchi et al, 2004; Yamada et al, 2001).  The three 
proteins were found to share similarity in their predicted extracellular regions (Ueguchi et 
al, 2001a), sharing a 200-230 amino acid CHASE domain (cyclase/histidine kinase associated 
sensory extracellular) first identified in AHK4 (Anantharaman & Aravind, 2001).  This motif 
was found to be absent from other Arabidopsis HK sub-families and was thus proposed to 
function in cytokinin binding.  This was subsequently confirmed via in vitro binding assay 
(Heyl et al, 2007).  The CHASE domain of all three cytokinin receptors has been shown to 
bind cytokinin with high affinity when expressed in E. coli (Heyl et al, 2007; Romanov et al, 
2006; Stolz et al, 2011).                      
 
   Despite their primary role in cytokinin perception, single loss-of-function AHK mutants 
display only subtle effects on cytokinin sensitivity and display no obvious morphological 
defects (Higuchi et al, 2004).  AHK4 T-DNA insertion lines were found to exhibit reduced 
cytokinin-induced inhibition of root elongation (Higuchi et al, 2004) consistent with a high 
level of AHK4 transcript expression in roots (Ueguchi et al, 2001a).  Thus AHK4 appears to 
play a major role in sensing exogenous cytokinin in the primary root.  Single loss-of-function 
mutations in AHK3 were found to exhibit only minor effects on sensitivity to cytokinin 
(Nishimura et al, 2004) whilst AHK2 mutants were found to exhibit a wild-type sensitivity to 
cytokinin (Higuchi et al, 2004; Nishimura et al, 2004; Riefler et al, 2006).  However 
construction of higher-order cytokinin receptors mutants revealed the three cytokinin 
receptors to act redundantly in function.  ahk2, ahk3 double mutants were found to exhibit 
defects during vegetative development with shorter stems and leaves than wild-type plants 
(Nishimura et al, 2004) suggesting that AHK2 and AHK3 functions dominate in the shoot 
where they are most abundantly expressed (Higuchi et al, 2004).  However, the ahk2,ahk3, 
ahk4 triple mutant was found to be severely stunted in aerial growth  suggesting that 
despite its root-specific expression pattern (Ueguchi et al, 2001a),  AHK4 also likely functions 
in the shoot (Higuchi et al, 2004).  The triple mutant was found to exhibit a number of other 
developmental abnormalities including greatly reduced root growth, and was severely 
impaired in the reproductive growth phase (Higuchi et al, 2004; Riefler et al, 2006).  It would 
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thus appear that cytokinin responses are driven by multiple cytokinin receptors, with all 
three receptors participating in both root and shoot cytokinin responses.  
 
  Despite extensive functional redundancy, individual receptors have also been found to 
mediate specific cytokinin activities. In some cases this can be accounted for by differential 
receptor expression patterns.  For example, the functional contribution of AHK4 to the root 
system reflects its high expression pattern in root tissues (Higuchi et al, 2004; Riefler et al, 
2006; Ueguchi et al, 2001a).  However, gene-specific function does not always correlate with 
tissue-specific expression pattern. For example AHK3 plays a unique function in cytokinin-
mediated control of leaf senescence (Kim et al, 2006) despite functioning redundantly with 
AHK2 to regulate other cytokinin-mediated leaf responses (Riefler et al, 2006).  Despite the 
largely overlapping expression pattern of the cytokinin receptors it has recently been shown 
that the receptors can mediate cytokinin responses in distinct cell types which may 
contribute to gene-specific receptor functions (Stolz et al, 2011).  For example AHK3 is the 
only receptor to mediate cytokinin responses in stomata (Stolz et al, 2011).  Furthermore, 
whilst all three cytokinin receptors show high in planta sensitivity to low concentrations of 
cytokinin, the three receptors subtly differ in their binding specificity for specific cytokinin 
compounds (Spíchal et al, 2004; Stolz et al, 2011).  Domain swap analysis revealed that 
whilst AHK4 under the control of the AHK3 promoter cannot complement the ahk2 ahk3 
phenotype, partial complementation can be achieved using a chimeric construct containing 
the AHK3 CHASE domain fused to the AHK4 cytoplasmic HK domain (Stolz et al, 2011).  This 
would thus suggest that receptor functionality can be mediated by the cytokinin-binding 
CHASE domain.  Coupled with their differential gene expression patterns, the differential 
ligand affinities of the three cytokinin receptors are thought to allow the perception of local 
concentrations of defined cytokinin metabolites (Stolz et al, 2011).  
 
1.11.2.2 AHPs – Redundant positive regulators of cytokinin signalling  
 
  Like bacterial HKs, cytokinin signalling has been shown to act via a multistep phosphorelay.  
When expressed in yeast, AHK4 was shown to mediate cytokinin-dependent 
phosphorylation of downstream histidine phosphotransfer proteins AHPs1-3 and AHP5 
(Mähönen et al, 2006). Furthermore, in the absence of cytokinin, AHK4 was shown to act as 
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a phosphatase actively dephosphorylating AHPs thus decreasing the system phosphoload 
(Mähönen et al, 2006).  Via yeast-two-hybrid, AHPs1-3 and AHP5 have been shown to 
physically associate with the receiver domains of all three cytokinin receptors suggesting 
that like AHK4, AHK2 and AHK3 can initiate cytokinin-dependent phosphotransfer to 
downstream AHPs (Dortay et al, 2008).  AHK2 and AHK3 are not however thought to possess 
phosphatase activity (Mähönen et al, 2006).  In plant protoplasts AHP1, AHP2 and AHP4 
have been shown to accumulate in the nucleus in response to cytokinin treatment (Hwang 
& Sheen, 2001; Yamada et al, 2004).  The AHPs are thus thought to act as signalling shuttles 
between the cytoplasm and the nucleus, where they act to phosphorylate and activate 
downstream ARRs. 
 
1.11.2.3 Type B ARRs - positive regulators of cytokinin signalling 
 
 The type B-ARRs are the primary effectors of cytokinin signalling and function redundantly 
to positively regulate cytokinin signalling.  The Arabidopsis genome contains 11 Type-B ARRs 
which fall in three distinct subfamilies as shown in Figure 1-18 below (Schaller et al, 2008).  
The major subfamily comprises seven members (ARR1, 2 ,10 ,11 ,12 ,14 and 18) all of which 
have been implicated in cytokinin signalling (Deng et al, 2010; Hwang & Sheen, 2001; 
Imamura et al, 2003; Kim et al, 2006).  The four other members of the type B-ARRs are 
considerably diverged and can be divided into two minor subfamilies to which 
ARR13/ARR21 and ARR19/ARR20 belong respectively.  They are not as broadly expressed as 
the major type-B subfamily and their function in cytokinin signalling remains poorly 
understood (Tajima et al, 2004). 
 
 
 
 
 
 
Figure 1-18 - Arabidopsis ARRs 
An unrooted phylogenetic tree made using receiver domain sequences of type-A and type-B Arabidopsis response 
regulators (ARRs) by a heuristic method (From Schaller et al, 2008).  
69 
 
  Whilst single loss-of-function mutants exhibit a wild-type cytokinin sensitivity, higher order 
type B-ARR mutants were found to exhibit progressively decreased sensitivity to cytokinin. 
Loss of function mutations in six of the eleven type-B ARRs have been shown to influence 
cytokinin sensitivity in an additive manner (Ishida et al, 2008; Mason et al, 2005).  The triple 
mutant arr1, arr10, arr12 was found to be almost completely insensitive to cytokinin 
suggesting that these type-B ARRs are required for the primary cytokinin transcriptional 
responses (Argyros et al, 2008; Mason et al, 2005).  In Arabidopsis protoplasts, 
overexpression of ARR1, ARR2 or ARR10 was found to be sufficient to activate cytokinin 
primary responses in the absence of exogenous cytokinin (Hwang & Sheen, 2001).   
 
   When expressed in protoplasts, the type-B ARR, ARR2 was shown to be phosphorylated in 
a cytokinin-dependent manner on a conserved aspartate residue in the receiver domain 
(Kim et al, 2006).  An ARR1 construct lacking a receiver domain was found to confer 
constitutive cytokinin phenotypes when expressed in transgenic plants suggesting that the 
ARR receiver domain negatively regulates signalling output (Sakai et al, 2001).  It is thought 
that following cytokinin perception, AHP mediated phosphorylation eliminates this negative 
regulation allowing signalling output.  Via yeast-two-hybrid it has been shown that in vitro, 
the AHPs interact promiscuously with almost all type-B ARRs (Argyros et al, 2008; Dortay et 
al, 2008; Ishida et al, 2008; Mason et al, 2005).  
 
  The nuclear localised type-B ARRs have been shown to mediate in vitro sequence-specific 
DNA-binding to the core sequence 5'-(A/G)GAT(T/C)-3' (Sakai et al, 2000), enriched in the 
upstream regions of many cytokinin response genes (Rashotte et al, 2003; Sakai et al, 2000).  
Multiple Type-B ARR mutants have been shown to exhibit distinct phenotypes differing in 
tissue-specificity and severity, suggesting that despite their apparent redundancy, individual 
ARRs may act to regulate distinct targets (Mason et al, 2005; Ren et al, 2009).  A body of 
evidence suggest that differing cell-type and tissue-specific expression patterns of the 
hybrid kinases, AHPs and ARRs may play a role in modulating the cellular responses to 
cytokinin (Higuchi et al, 2004; Hradilová & Brzobohatý, 2007; Mason et al, 2004; Ueguchi et 
al, 2001a). 
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  Cytokinin responsive genes include members of the KNOTTED1-like (KNOX) homeobox 
transcription factors, KNOTTED-LIKE FROM ARABIDOPSIS (KNAT1) and 
SHOOTMERISTEMLESS (STM) required for the establishment and maintenance the SAM 
(Chuck et al, 1996; Long et al, 1996).  In turn, via a positive feedback loop the KNOX genes 
have been shown to positively regulate cytokinin biosynthesis (Yanai et al, 2005), thus 
establishing high cytokinin activity required for cell proliferation in the SAM (Jasinski et al, 
2005).  Other direct type-B ARR targets include a number of type-A response regulators 
(D'Agostino et al, 2000). 
 
1.11.2.4 Type-A ARRs- negative regulators of cytokinin signalling 
 
   The type-A ARR transcripts are rapidly upregulated following cytokinin treatment in a 
type-B ARR dependent manner (D'Agostino et al, 2000).  In contrast to type-B ARRs which 
positively regulate cytokinin signalling, Arabidopsis type-A ARRs  have been shown to 
function redundantly as negative regulators of cytokinin responses (D'Agostino et al, 2000; 
Kiba et al, 2002; Kiba et al, 2003; Lee et al, 2008; To et al, 2004).  Mutational analysis 
revealed that phosphorylation of the receiver domain is necessary for type-A ARR function 
suggesting that like type-B ARRs, they are likely phosphorylated by upstream AHPs (To et al, 
1997).  It is thought that type-A ARRs may inhibit type-B ARR activation although evidence 
for direct protein-protein interaction between type-A and type-B ARRs is lacking (To et al, 
1997).  The rapid induction of type-A ARRs is thought to provide a negative feedback loop 
allowing attenuation of the cytokinin signal.  Auxin has been shown to antagonise cytokinin 
responses in the root apical meristem by direct transcriptional activation of the type-A ARRs 
ARR7 and ARR15 (Muller & Sheen, 2008).  Thus the tissue-specificity of cytokinin signalling 
may further be achieved by integration of cytokinin signalling with other cell-type specific 
signalling inputs. 
   
   The proposed mechanism by which type-A and type-B ARRs function in cytokinin-mediated 
signal transduction is illustrated in Figure 1-19. 
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Figure 1-19 - Cytokinin-mediated signal transduction 
 
 
 
   In addition to roles in ethylene and cytokinin signal transduction, the Arabidopsis genome 
contains three further hybrid HK proteins each with unique function. 
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1.12 AHK1 – An osmosensor histidine kinase 
 
  The transmembrane histidine kinase  AHK1 contains two hydrophobic regions toward the 
N-terminus and has structural similarity to the yeast HK osmosensor SLN1 (Tran et al, 2007).  
Like SLN1, AHK1 transcript is upregulated in response to changes in external osmolarity 
(Urao et al, 1999) suggesting that it too may function as a osmosensor. This was 
subsequently confirmed by complementation analysis. Introduction of AHK1 cDNA in the 
yeast SLN1 mutant was shown to suppress lethality in high-salinity media (Urao et al, 1999).  
AHK1 cDNAs mutated at the invariant His or Asp positions failed to complement the sln1 
mutant suggesting that AHK1 functions as a histidine kinase (Urao et al, 1999).  AHK1 was 
subsequently shown to act as an osmosensor in plants, positively regulating both drought 
and salt stress responses (Tran et al, 2007).  Microarray analysis of the ahk1 mutant 
revealed a down-regulation of many stress and ABA-inducible genes (Tran et al, 2007).  
 
   Whilst there is compelling evidence for the involvement of two-component circuitry in 
Arabidopsis cytokinin signalling, the precise mechanisms by which the other hybrid HK 
members such as AHK1 mediate intercellular signalling remain to be clarified.  Via yeast-2-
hybrid AHK1 was shown to specifically interact with AHP1 however the physiological 
relevance of this interaction remains to be demonstrated and the downstream ARRs remain 
to be determined (Urao et al, 2000).  It is envisaged that signalling through the HKs is 
controlled by the cellular location of the different HKs, AHPs and ARRs and that the 
outcomes of signalling depend on the combination of AHPs and ARRs utilised by each HK 
(Schaller et al, 2008).    
 
1.13 CKI1 – A histidine kinase required for female gametophyte development  
 
  Despite structural similarity to AHK1, CKI1 (CYTOKININ-INDEPENDENT1) and AHK1 execute 
distinctive physiological activities.  cki1 mutants were found to be defective in 
megagametogenesis, indicating an essential role in female gametophytic development 
(Deng et al, 2010).  Because of female gametophytic lethality the function of CKI1 is poorly 
understood.  CKI1 was originally proposed to function in the cytokinin signalling pathway 
(Kakimoto, 1996).  CKI1 transformed calli were found to proliferate and produce shoots in 
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the absence of cytokinin (Kakimoto, 1996).  However CKI1 was shown to be unable to bind 
cytokinin suggesting it is unlikely to act as a receptor (Yamada et al, 2001).  More recently it 
has been shown that overexpression of CKI1 is able to partially complement the AHK4 root 
growth phenotype thus suggesting that CKI1 is capable of activating the cytokinin signalling 
pathway (Deng et al, 2010).  It has been proposed that cytokinins and CKI1 may act 
independently and that downstream AHPs may act as a converging point for downstream 
TCS-mediated signalling (Deng et al, 2010).  A CKI1-AHP dependent signalling pathway has 
been shown to be crucial for female gametophyte development and vegetative growth 
(Deng et al, 2010). 
 
1.14 AHK5 – A mediator of H2O2 homeostasis in stomatal guard cells 
 
   The hybrid histidine kinase AHK5 is the only member of the Arabidopsis HK family known 
to lack a transmembrane domain.  However in spite of the predicted cytoplasmic location, 
the AHK5 protein has been shown to co-localise to the plasma membrane possibly via 
interaction with other intrinsic membrane proteins (Desikan et al, 2008).  AHK5 has been 
shown to exhibit functional histidine-kinase activity when expressed in E. coli (Iwama et al, 
2007).  
 
   AHK5 is most highly expressed in root tissue where it has been shown to act as a negative 
regulator of ethylene and ABA mediated-root growth inhibition (Iwama et al, 2007).  AHK5 
was subsequently shown to positively regulate salt-induced root growth inhibition and 
contribute to salt sensitivity in mature plants (Pham et al, 2012).  AHK5 has also been shown 
to play a role in stress signalling in stomata (Desikan et al, 2008).  Despite being weakly 
expressed in stomatal guard cells, AHK5 function is essential for stomatal responses to 
exogenous H2O2 and multiple stimuli known to generate H2O2 including flg22 (Desikan et al, 
2008).  This would thus suggest a role for the AHK5 protein in mediating redox homeostasis 
(Desikan et al, 2008).  AHK5 was also shown to be required for flg22-mediated H2O2 
production in stomatal guard cells.  Thus AHK5 appears to play a role in both perception of 
flg22-mediated H2O2 and flg22-mediated H2O2 induction.  Despite stomatal insensitivity to 
flg22, stomata of the ahk5-1 T-DNA insertion mutant were found to retain sensitivity to the 
EF-Tu derived peptide elf26 (Desikan et al, 2008).  The signalling cascades of flg22 and elf26 
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have been shown to overlap considerably in non-guard cell tissues (Zipfel et al, 2006).  
However as earlier discussed in section 1.6, the two peptides are perceived by distinct 
receptors.  It could therefore be that AHK5 acts at an early step in the flg22 induced signal 
pathway.    
 
  Interestingly another hybrid HK, the ethylene receptor ETR1, has been shown to function 
as a ROS sensor in stomatal guard cells (Desikan et al, 2005) suggesting this could be a 
feature common to members of this gene family.  Indeed more recent evidence suggests 
that like AHK5, ETR1 may similarly be required for flg22-mediated pre-invasive stomatal 
defence (Mersmann et al, 2010).  However, despite the identified role for these two HKs in 
flg22-mediated guard-cell responses, at the time of this study nothing was known of HK 
function in other flg22 mediated defences. 
 
1.15 Aims and objectives 
 
    Given the importance of AHK5 in mediating stomatal responses to the flg22 peptide 
(Desikan et al, 2008), and the identified role for AHK5 as mediator of stress signalling in 
other plant tissues (Pham et al, 2012), we predicted that AHK5 may be a requirement for 
further flg22-mediated defence responses. We hypothesised that other members of the 
hybrid HK family may similarly act as downstream components of phosphorylation-
dependent flg22-mediated signalling.  In order to test this hypothesis, it was set to analyse 
tissue-specific physiological responses to the flg22 peptide in available hybrid HK mutants 
and their wild-type counterparts.  
 
   The analysis of flg22-mediated growth inhibition is commonly used as a screen by which to 
investigate plant responses to flg22, and has successfully been used to identify components 
of flg22-induced signal transduction (Chinchilla et al, 2007; Suarez-Rodriguez et al, 2007).  In 
attempt to identify a role for the hybrid HK family in the flg22-mediated signalling pathway, 
the root and shoot growth inhibition phenotypes were used to assay the flg22 sensitivity of 
HK mutants.   
 
  Flg22-mediated defence responses were similarly analysed in mature plants. Pre-treatment 
of plants with the flg22 peptide has been shown to limit the subsequent growth of the 
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biotrophic bacterial pathogen Pst DC3000 (Zipfel et al, 2004).  To ascertain the role of 
individual hybrid HKs in mediating such post-invasive flg22-induced defences, in planta 
bacterial population counts following bacterial syringe inoculation were used to provide 
quantitative assessment of flg22-triggered bacterial immunity.  The biosynthesis of flg22-
induced callose deposition, a hallmark of flg22-induced immunity, was used to further 
investigate the function of individual hybrid HKs.  
 
   Stomatal closure in response to pathogen detection is an important part of the plant 
innate immune response, acting to prevent bacterial invasion (Melloto et al., 2006).  In 
order to determine whether the altered stomatal flg22 sensitivity observed in AHK5 mutant 
plants may confer differences in disease susceptibility, leaves of wild-type and mutant 
plants ecotypes were spray inoculated with Pst DC3000 and in planta bacterial populations 
monitored at early time-points.    
 
 
 
 
 
 
 
 
 
 
 
76 
 
 
 
 
 
 
 
Chapter 2: 
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Chapter 2  - Materials and Methods 
 
2.1  Peptide synthesis 
 
The flagellin peptides were synthesised by Covalab UK to 95% purity according to the 
consensus sequence for the most highly conserved region in the N-terminus of eubacterial 
flagellin, flg22 (N’-TRLSSGLKINSAKDDAAGLQIA-C’) and flg22 A.tum  N’-ARVSSGLRVGDASDNAAY 
WSIA-C’  (Felix et al, 1999). 
 
2.2  Seed materials 
 
ahk5-1 mutant seeds in the Columbia-0 (Col-0) background were obtained from Syngenta 
(SAIL_50_H11) and ahk5-3 seeds (FLAG_271G11) in the Wassilewskija-4 (Ws-4) background 
from the INRA/FLAG-FST collection.  The insertions were confirmed as single copy and no 
intact full-length AHK5 transcripts were detected in either ahk5-1 or ahk5-3 mutants 
suggesting these alleles to be null in nature (Desikan et al, 2008). The transgenic FLS2 
complemented line Ws-0/FLS2 (FLSp::FLS2-3xmyc-GFP) (Robatzek et al, 2006) and 
homozygous FLS2 T-DNA insertion line fls2-8  (Col-0) (SALK_062054) were a kind gift from 
John Mansfield (Imperial College London).  etr1-1 (Col-0) and ein2-1 (Col-0) seeds were 
obtained from the National Arabidopsis Stock Centre (NASC).  etr1-7 (Col-0), etr2-3 (Col-0) 
and ein4-4 (Col-0) seeds were provided by E. Meyerowitz (California Institute of Technology, 
Pasedena, CA). The characterised homozygous T-DNA cytokinin receptor mutants employed 
in this study (ahk2-2, ahk3-3 and ahk4-12 (also known as cre1-12)) were provided by Klaus 
Harter (University of Tubingen, Germany) (Higuchi et al, 2004). 
 
2.3  CAPs analysis  
 
 In order to differentiate the FLS2 alleles of Col-0 and Ws-4, genomic DNA was amplified by 
PCR with CAPS primers FG-1 (5’ CCGGATTTGGATTCAGCTCTG 3’) and FG2 (5’ 
GAACAGAGTTTGCTT ATATCAGGAAAG 3’) generating a 706bp fragment (thermal cycling 
profile 94 °C for 4 minutes then 94°C for 30 s, 50°C for 30 s, 72°C for 1 minute for 35 cycles). 
PCR products were then digested with Hpy188II (New England Biolabs) for one hour at 37°C 
and products analysed on a 1% agarose gel.  
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2.4  Seedling growth assay 
 
Wild-type and mutant seeds were surface sterilised in 70 % ethanol for 10 minutes followed 
by 10% bleach for 10 minutes.  They were then rinsed several times in sterile distilled water 
and plated on MS agar plates (Murashige and Skoog basal medium pH 5.8: 4.4g/litre MS 
Salts, 0.05%  2-(N-Morpholino)ethanesulphonic acid monohydrate (MES), 1 % sucrose,  1% 
bactoagar).  Plated seeds were then stratified at 4°C for 2 days. The plates were then grown 
vertically for 5 days in a growth chamber at 24˚C under 16 hours light/8 hours dark cycle 
with a light intensity of 120–150µmol m-2 s-1.   Seedlings of uniform size were transferred to 
24-well plates (four seedlings per well) containing liquid MS media (1ml per well) 
supplemented with the flagellin peptide at 10nM, 100nM and 1μM concentrations or 1μM 
of the inactive analogue flg22 A.tum as illustrated in Figure 2-1 below.  The plates were sealed 
with 3M MicroporeTM surgical tape to prevent contamination and liquid evaporation and 
were grown under the same conditions as described above for a further 10 days.  The 
seedlings were blot dried on tissue paper and fresh weights for each treatment well then 
recorded.  For the wild-type and each of the mutant lines, the fresh weight of seedlings 
grown in each of the flg22-supplemented wells was expressed as a percentage of the fresh 
weight of seedlings grown in the control well.  
 
Figure 2-1 - Schematic showing the 24-well plate arrangement for analysis of flg22-mediated seedling growth inhibition 
Wild-type and mutant seedlings (4 per well) were grown in flg22-supplemented media (1ml per well) as illustrated. To 
account for plate-to-plate variation in seedling growth, the fresh weight of mutant lines was only compared with that of 
wild-type Columbia seedlings grown on the same plate.   
 
2.5  Analysis of seedling root growth 
 
  Seeds of wild-type and mutant lines were germinated and grown vertically on MS agar for 
5 days in a growth chamber as described in section 2.4.  Seedlings of uniform size were then 
transferred to fresh elicitor/hormone supplemented square MS plates solidified with 
Phytagel (Murashige and Skoog basal medium pH 5.8: 4.4g/litre MS Salts, 0.05%  2-(N-
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Morpholino)ethanesulphonic acid monohydrate (MES), 1 % sucrose,  0.5% Phytagel (Sigma-
Aldrich, UK)).  In order to minimise plate to plate variation, mutants and their wild-type lines 
were grown on the same plate as illustrated in Figure 2-2 below.  The plates were then 
grown vertically for 7 days and the elongated root length measured to the nearest 0.1cm 
using a ruler.  For each wild-type and corresponding mutant line, root measurement were 
made from at least 4 plates providing at least 44 root measurements for each treatment.   
 
 
Figure 2-2 - Schematic depiction showing the arrangement of seeding growth on square agar plates. 
5 day old seedlings were transferred to square MS plates (12cmx12cm, Greiner) solidified with Phytagel. Wild-type and 
mutant seedlings (12 per line) were evenly spaced and grown side-by-side as shown above.  
 
 
2.6   Amplex Red analysis of PAMP-induced hydrogen peroxide 
 
Flg22-mediated H2O2 production was measured in 7-day old seedlings via Amplex Red 
fluorometric assay. Seeds of wild-type and mutant lines were germinated and grown for 5 
days on MS agar as described in section 2.4.  Seedlings were then transferred to liquid MS 
medium (Murashige and Skoog basal medium pH 5.8: 4.4g/litre MS Salts, 0.05%  2-(N-
Morpholino)ethanesulphonic acid monohydrate (MES), 1 % sucrose) and grown for a further 
2 days.  dH2O (control) or 1µM flg22 was then added to the liquid medium and seedlings 
harvested following 20 minutes of treatment. 200µl of phosphate buffer (50mM sodium 
phosphate buffer, pH 7.4) was added to 30mg of frozen ground seedling tissue. Following 
centrifugation, 30µl of supernatant was incubated in phosphate buffer with 50µM Amplex 
Red reagent (Invitrogen) and 1U/ml horseradish peroxidase (Sigma-Aldrich, UK) for 30 
minutes in the dark.  The fluorescence was then quantified using a fluorimeter (Perkin 
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Elmer) with an excitation of 530 nm, and emission of 580 nm. H2O2 generation was 
calibrated by constructing standard curves using known H2O2 concentrations.  Background 
fluorescence as determined for a no-H2O2 control reaction was subtracted from each value.  
 
2.7 Hydrogen peroxide detection in roots 
 
Wild-type Columbia seedlings grown on MS-agar for 5 days as described in section 2.4 were 
transferred to liquid MS medium with 10µM carboxy-H2DCFDA (carboxy-2,7-
dichlorodihydrofluorescein diacetate, Invitrogen) for 30 minutes.  Following dye uptake, the 
seedlings were then treated in liquid MS (control) supplemented with the 1µM flg22 
peptide for 20 minutes.  The seedlings were then mounted in distilled water and imaged via 
using a Leica DMIRE2 inverted confocal microscope equipped with confocal laser scanning 
system (TSC-SP2;Leica) using 488 nm excitation and 500–530 nm detection.   
 
2.8  Nitric oxide detection in roots 
 
Wild-type Columbia seedlings grown on MS-agar for 5 days (as described in section 2.4) 
were transferred to liquid MS medium with 10µM DAF-FM-DA (4-amino-5-methylamino- 
2’,7’-difluorofluorescein diacetate, Alexis Biochemicals) for 10 minutes. The seedlings were 
then treated in liquid MS (control) with 1µM flg22 or 100µM H2O2 (Sigma-Aldrich, UK) for 30 
minutes.  The seedlings were then mounted in distilled water and imaged via using a 
confocal microscope (details as described in section 2.7) using 488 nm excitation and 515–
530nm detection. 
 
2.9  DR5::GUS detection in roots 
 
DR5::GUS (Ulmasov et al, 1997) seedlings (kindly provided by Colin Turnbull) were grown on 
MS-agar for 7 days (recipe as described in section 2.4).  The seedlings were then treated in 
liquid MS (control) with 1µM flg22 or the positive control 1µM naphthalene acetic acid 
(NAA) (Sigma-Aldrich, UK) and were treated for 6 or 24 hours.  The seedlings were stained 
overnight at 37°C in GUS staining buffer: 50mM sodium phosphate (pH 7.2), 0.2% Triton-X-
100, 5mM potassium ferrocyanide, 5mM potassium ferricyanide, 2mM X-Gluc (5-bromo-4-
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chloro-3-indolyl-beta-D-glucuronic acid, cyclohexylammonium salt).  Seedlings were then 
destained for several hours in 70% ethanol, and mounted on glass microscope slides.  Blue 
GUS staining was visualised using a brightfield Axioskop 2 microscope. 
 
2.10  Mature plant growth conditions 
 
 Wild-type and mutant plants were grown under short day conditions of 10 hours light/14 
hours dark cycles with a light intensity of 100-120µmol m-2 s-1 at 23˚C with 55-65% relative 
humidity in Levington F2 compost (Scotts, UK).  Plants were used at an age of approximately 
4-5 weeks following germination.  
 
2.11  Pseudomonas syringae DC3000 growth 
 
Pseudomonas syringae pv. tomato DC3000 (PstDC3000) was grown on solid Pseudomonas 
Agar F Base medium (Merck, Germany) supplemented with 50µg/ml-1 of Rifampicin at 25°C 
for 2 days.  Bacterial cells were then grown overnight in Rifampicin supplemented liquid LB 
with shaking at 28°C.  Cells were pelleted by centrifugation at 4,000 x g for 15 minutes and 
resuspended in 10mM MgCl2 to an appropriate optical density (see sections 2.12 and 2.13 to 
follow).  
 
2.12  Pseudomonas syringae syringe inoculation 
 
  For syringe inoculation the bacterial culture was re-suspended in 10mM MgCl2 to an OD600 
of 0.0002 (equivalent to approximately 1x105 colony forming units (c.f.u). ml-1) using a 
spectrophotometer.  Individual leaves of wild-type plants of approximately 4 weeks old 
(grown as described in section 2.10) were then pressure-infiltrated from the abaxial side 
with bacterial suspension on either side of the midrib using a needle-less syringe.  Following 
inoculation the plants were returned to the growth room (conditions as described in section 
2.10).  At 2, 4 and 6 days post infection, leaf discs were removed from either side of the 
midrib close to the sites of inoculation using a 0.5cm diameter cork borer.  Both leaf discs 
were placed in a 1.5ml eppendorf containing 1ml of quarter-strength Ringer’s Solution 
(Merck, Germany).  Leaf discs were homogenised using a TissueLyser (Qiagen) at 25Hz for 2 
minutes with a steel ball.   Serial 10-fold dilutions of the homogenate were then prepared in 
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quarter-strength Ringers solution and the dilutions plated on solid Pseudomonas Agar F 
Base medium (Merck, Germany) supplemented with 50µg/ml-1 of Rifampicin. Agar plates 
were placed at 25°C for 2 days after which the number of colony forming units (c.f.u) were 
counted at an appropriate dilution and the number of colonies per cm2 of leaf area 
calculated.  The data shown represent the average bacterial number expressed as log10 of 
c.f.u/cm2 ±SE of three independent technical repeats each with 10 different leaves from at 
least 3 different plants.    
 
2.13  Pseudomonas syringae surface inoculation 
 
  For spray inoculation the bacterial culture was re-suspended in 10mM MgCl2 to a higher 
OD600 of 0.4 (equivalent to approximately 5 × 10
8 c.f.u. ml-1).  Plants were sprayed with 
bacterial suspension containing the wetting agent Silwet L-77 (0.05%) (Union Carbide) using 
a spray bottle with the nozzle set to a fine mist spray.  The suspension was sprayed onto the 
leaves until the adaxial leaf surfaces appeared evenly wet and runoff was imminent.  
Following inoculation the plants were allowed to dry for 1 hour before being placed under a 
plastic dome in the growth chamber to maintain high humidity supporting disease 
development.   Bacterial populations were assessed at 1 and 2 days post infection.  Infected 
leaves were detached, weighed and surface-sterilised (30 seconds in 70% ethanol followed 
by 30 seconds in distilled water) to remove bacteria present on the leaf surface (Katagiri et 
al, 2002).  Bacterial populations were quantified in the same way as described as in section 
2.12.  In order to correlate bacterial numbers with leaf size, individual leaves were weighed 
before homogenisation and bacterial number expressed as c.f.u per gram of fresh weight 
(c.f.u/gFW).  The data shown represents the average bacterial number expressed as 
c.f.u/gFW x 104 ±SE of three independent technical repeats each with 10 different leaves 
from at least 3 different plants.    
  
2.14  Assessment of flg22-triggered immunity  
 
Wild-type and mutant plants of approximately 4 weeks old were pretreated with the 
inactive flg22A.tum (control) or 1µM flg22 via pressure infiltration from the abaxial side on 
either side of the midrib using a needless syringe.  24 hours later, the same leaves were 
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syringe infiltrated with Pst DC3000 at a concentration of approximately 1x105 c.f.u. ml-1 
(prepared as described in section 2.12).   Plants were maintained in a growth chamber 
(conditions as described in section 2.10) for the duration of the experiment.  Two days post 
infection leaf discs were removed from either side of the midrib, close to the sites of 
inoculation. Bacterial populations were quantified in c.f.u/cm2 as described in section 2.12.  
FTI was defined as the difference in bacterial number between flg22 A.tum and flg22-
pretreated leaves expressed in log10 c.f.u./cm
2.   
 
2.15  Analysis of flg22-mediated callose deposition 
 
Fully expanded leaves of approximately 4 week old plants were syringe infiltrated with flg22 
A.tum (control) or 1μM flg22 from the abaxial surface on one side of the midrib.  24 hrs post 
infiltration, leaves were detached, cleared in 100% methanol, rinsed in distilled water and 
stained overnight at room temperature in 0.05% (w/v) Aniline Blue (Sigma-Aldrich, UK) in 
150mM K2HPO4 (pH 8).  Stained material was mounted in 50% glycerol and examined on an 
Axioskop 2 microscope using ultraviolet epifluorescence with excitation wavelength of 
365nm and emission of 420nm.  For each leaf 4 fields of view surrounding the site of 
infiltration were photographed. Quantification of callose deposition was carried out using 
Image J software (Abramoff et al, 2004).  Fluorescence images were inverted in order to 
visualise deposition and a threshold pixel intensity for detection of callose was set.  Callose 
deposits (as determined by the set pixel threshold) were outlined for each field of view and 
their total area measured using the Analyse Particles function.  This area was then 
expressed as a percentage of the total field of view area (0.59mm2).  The average 
percentage area of callose deposition per field of view was then calculated from 4 fields of 
view each from at least 5 leaves.  
 
2.16  DAB staining 
 
  In attempt to detect H2O2 production in mature leaves, fully expanded leaves of 
approximately 4 week old plants were syringe infiltrated with flg22 A.tum (control) or 1μM 
flg22 from the abaxial surface on one side of the midrib.  24hrs post infiltration, leaves were 
detached and floated in a solution of the histochemical stain DAB (3,3-diaminobenzidine) 
84 
 
(Sigma-Aldrich, UK,) prepared in water (pH 3.8) to concentration of 1mg/ml-1.  The leaves 
with incubated in the DAB solution for four hours.  The leaves were then cleared in 100% 
ethanol and brown DAB staining visualised around to the site of inoculation using a 
brightfield Axioskop 2 microscope. 
 
2.17  Detached leaf transpiration bioassay 
 
 Leaves from 4-5-week old mature plants were detached at the base of the petiole.  The 
leaves were placed in individual vials with the cut ends of the leaf petiole immersed in dH2O 
(control), 10µM abscisic acid (Sigma-Aldrich, UK) or 1µM flg22 (prepared in dH2O). The vials 
were sealed with parafilm to prevent media evaporation.  Leaf transpiration was measured 
by weighing the leaf-containing vials at T0 and at 30 minute intervals for a 2hr 30min 
duration.  The mean leaf transpirational water loss (mg) was then calculated for 10+ leaves. 
The experiment was repeated twice with similar results. 
2.18  Statistical analysis 
 
Significant differences between genotypes or treatments were determined using the 
Student’s t-test or One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test 
as appropriate.  The effect of multiple factors, such as genotype and treatment was 
assessed by Two-Way ANOVA followed by Tukey’s post hoc test.  Statistical analysis was 
performed using a trial-version of GraphPad Prism version 5.04 for Windows (GraphPad 
Software, La Jolla California USA).  In the case of bacterial population data, the statistical 
analysis was performed on log transformed data.  If zero values were present, the smallest 
non-zero value from the data-set was added to each data point before log transformation.  
In order to allow statistical comparison of the FTI level in wild-type and mutant plants,  for 
each mutant line, each of the bacterial populations measured in flg22 pretreated leaves 
were divided by that of the average bacterial population of the flg22 A.tum treated leaves.   
These values were then compared with that of Col-0 using a two-tailed t-test. 
 
 
 
85 
 
 
 
 
 
 
Chapter 3:  
 The role of histidine kinases in 
 flg22-mediated seedling growth-inhibition
86 
 
Chapter 3 – The role of histidine kinases in flg22-mediated seedling growth-inhibition 
 
3.1 Introduction 
 
   The flg22 peptide is known to cause a strong inhibition of growth in wild-type Arabidopsis 
Columbia seedlings (Felix et al, 1999).  Treatment with the flg22 peptide affects the growth 
of roots, leaves and cotyledons (Felix et al, 1999).  This inhibitory effect on growth results in 
a strong reduction in fresh weight increase of young seedlings when grown in flagellin 
supplemented liquid media.   At present the mechanisms underlying this growth inhibition 
remain poorly understood.  Growth inhibition is not observed in seedlings lacking a 
functional FLS2 receptor suggesting that flg22-mediated growth inhibition requires a 
functional FLS2-mediated signalling cascade (Gomez-Gomez & Boller, 2000).   This growth 
response can therefore serve as a convenient method of assaying flagellin perception 
allowing genetic dissection of the pathways activated following flagellin recognition.  
 
   Using this growth inhibition phenotype, a screen for mutants with altered flg22 perception 
led to the identification of the flg22 coreceptor BAK1 as a positive regulator of flg22-
mediated responses (Chinchilla et al, 2007).  Interestingly BAK1 (BRI1-ASSSOCIATED 
KINASE1)) has also been shown to heterodimerise with the brassinosteroid receptor BRI1 
(BRASSINOSTEROID-INSENSITIVE 1) (Li et al, 2002).  Brassinosteroids are plant hormones 
structurally related to animal steroids and control many aspects of plant growth and 
development (Clouse & Sasse, 1998).  Surprisingly, despite the known role of BAK1 in the 
brassinosteroid pathway, the reduced flg22-mediated growth inhibition observed in BAK1 
mutants was shown not to be a consequence of altered sensitivity to brassinosteroid 
(Chinchilla et al, 2007).  In the presence of brassinolide flg22-mediated growth inhibition 
was still reduced in bak1-4  mutants when compared to wild-type seedlings (Chinchilla et al, 
2007).  This would thus suggest that despite the known growth regulatory role of the 
brassinosteroid hormones, flg22-mediated growth inhibition is independent of 
brassinosteroid signalling. However, given the pivotal role of phytohormones in regulating 
plant growth it would seem likely that flg22-mediated growth inhibition is at least in part 
controlled by hormones. 
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   Following a screen of hormone signalling mutants, a role has recently been identified for 
DELLA proteins in mediating flg22-mediated growth inhibition (Navarro et al, 2008).  DELLA 
proteins are plant growth repressors whose degradation is promoted by the phytohormone 
gibberellin (GA) (Sun & Gubler, 2004).  DELLA-stabilised mutants such as ga1-3 were found 
to show enhanced flg22-mediated growth inhibition at low peptide concentrations whilst 
seedlings of DELLA-deficient mutants exhibited slight but significantly reduced sensitivity to 
flg22 (Navarro et al, 2008).  It has thus been proposed that DELLA stabilisation contributes 
to flg22-mediated growth inhibition.  However, the contribution of DELLAs to flg22-
mediated growth inhibition appears to be small and other growth-restraining processes are 
likely to be involved.  
 
   The phytohormones ethylene and cytokinin are known to play a prominent role in the 
regulation of aerial plant growth.  The cytokinins play a positive role in the proliferation of 
cells in the shoot apical meristem (Werner et al, 2001).  They do so by interacting with other 
hormones and key transcription factors involved in regulating shoot apical meristem 
function (Jasinski et al, 2005; Leibfried et al, 2005; Rupp et al, 1999).  Disruption of cytokinin 
perception results in a reduced SAM size leading to stunted shoot growth (Higuchi et al, 
2004).  Ethylene is also known to play a prominent role in the regulation of aerial plant 
growth.  Ethylene is generally considered to be growth inhibitory and exerts its effect by 
inhibiting cell elongation (Kieber et al, 1993).  Exogenously applied ethylene can reduce the 
rate of cell elongation during seedling growth (Binder et al, 2004).  Endogenous ethylene 
levels are also thought to play a key role in regulating leaf and cotyledon cell expansion (Foo 
et al, 2006; Goeschl et al, 1967; Smalle & Van der Straeten, 1997) 
3.1.1 Aims 
 
  Given the known role of the hybrid histidine kinase family in the perception of the growth 
regulatory hormones ethylene and cytokinin and the previously identified role for the hybrid 
HK AHK5 in flg22-mediated signalling (Desikan et al, 2008) we set to determine whether the 
Arabidopsis hybrid HKs may play a role in mediating flg22-mediated growth inhibition.  To 
study the role(s) of specific hybrid HK receptors in response to flg22, the effect of flg22 on 
seedling growth was analysed in available HK null mutants.  
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3.2 Results 
3.2.1 FLS2-mediated growth inhibition in response to flg22-derived peptides 
 
Wild-type Columbia-0 (Col-0) seedlings were grown in flg22-supplemented liquid media at a 
range of concentrations for 10 days and the fresh weight of seedlings then recorded.  The 
mean fresh weight of seedlings grown in the absence of flg22 (control) was calculated and 
the fresh weight of flg22 treated seedlings expressed as a percentage of this.  As expected, 
Two-way ANOVA revealed the addition of flg22 to the liquid medium of Columbia seedlings 
to cause a strong reduction in seedling growth in a dose-dependent manner (Figure 3-1).  
Half-maximal growth reduction was observed at a flg22 peptide concentration of between 
10 and 100nM.  Treatment with 1µM of the inactive flg22 A.tum peptide, synthesised 
according to the divergent flagellin sequence from Agrobacterium tumefaciens (Felix et al, 
1999), did not inhibit seedling growth confirming the specificity of the peptide response.  As 
expected, no significant growth inhibition was observed in seedlings of the flagellin 
insensitive fls2-8 T-DNA insertion line (SALK_062054) (Figure 3-1).  
 
Figure 3-1 - Flg22 response in seedlings of Col-0 and fls2-8 (Col) as assayed by inhibition of seedling growth 
Following germination seedlings were transferred to liquid MS medium containing different concentrations of flg22 or the 
inactive flg22 
A.tum
 . Following 10 days growth, individual seedling fresh weights were recorded. Bars show the average 
seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per treatment.  Different 
letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05).  Control 
fresh weights in milligrams were as follows - Col-0 = 40.1±5.9mg   fls2-8=38.57±4.6mg. 
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   The Wassilewskija (Ws) ecotype lacks a functional FLS2 receptor and has been 
characterised as flagellin-insensitive (Gomez-Gomez & Boller, 2000).  As expected the Ws-4 
seedlings showed no growth inhibition in response to flg22 treatment at concentrations of 
up to 1µM (Figure 3-2).  Sensitivity to the flg22 peptide was found to be restored in Ws 
plants transformed with a functional FLS2 gene under control of its native promoter 
(WS/FLS2) thus confirming peptide activity (Two-way ANOVA followed by Tukey’s post hoc)  
(Robatzek et al, 2006).  These data would thus confirm that seedling growth inhibition can 
serve as an accurate and convenient method of assaying flagellin perception in seedlings. 
 
Figure 3-2 - Flg22 response in seedlings of Ws-4 and Ws/FLS2 (Ws-0) as assayed by inhibition of seedling growth. 
Following germination seedlings were transferred to liquid MS medium containing different concentrations of flg22 or the 
inactive flg22 
A.tum
 . Following 10 days growth, individual seedling fresh weights were recorded. Bars show the average  
seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per treatment. Different 
letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05).  Control 
fresh weights in milligrams were as follows - Ws = 47.6 ± 2.4mg, Ws/FLS2 =36.9±2.1mg ** p< 0.01 (t-test) versus Ws 
control fresh weight. 
 
To study the role of specific hybrid HK receptors in flg22-mediated signal transduction, the 
seedling growth response of available HK null mutants was analysed to determine whether 
mutant seedlings may show altered sensitivity to treatment with flg22. 
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3.2.2 Assessment of flg22-mediated growth inhibition in ahk5 mutants  
 
Two homozygous AHK5 T-DNA insertion mutants were obtained from public T-DNA insertion 
line collections. ahk5-1 in the Columbia background (Col-0) contains a T-DNA insertion in an 
exon in the C-terminal receiver domain of the AHK5 protein, whilst ahk5-3 in the 
Wassilewskija (Ws-4) background contains a T-DNA insertion in an intron in the His-Kinase 
domain of the AHK5 protein (Figure 3-3) (Desikan et al, 2008). 
 
 
 
Figure 3-3 - Genomic structure of AHK5 
The position of the two T-DNA insertions, ahk5-3 (Ws-4) in the sixth intron and ahk5-1 (Col-0) in the tenth exon are 
marked. Boxes represent exons; horizontal bars introns; and triangles T-DNA integration site.   The location of the regions 
encoding the His-Kinase domain (consisting of the HisKA phospho-accepting domain and the catalytic HATPase domain) 
and receiver domain are shown.  The position of the conserved Histidine (H) of the Kinase domain and Aspartate (D) 
residue of the Receiver domain required for phosphorelay are marked with a star (*). Domain structure was identified 
using the Conserved Domain Database (NCBI).  
 
 
 
  In order to confirm the genetic background of the two insertional mutants, cleaved 
amplified polymorphic sequences (CAPS) markers were used to differentiate the FLS2 alleles 
of Col-0 and Ws-4.  The Wassilewskija ecotype is known to lack a functional FLS2 receptor 
due to a stop-codon mutation in the kinase domain of the FLS2 protein (Gomez-Gomez and 
Boller 2002).  This mutation also generates a novel Hpy188III restriction site (as indicated by 
the red arrow in Figure 3-4A) which can be used to distinguish the FLS2 alleles of the two 
ecotypes (De Torres et al, 2006).   Primers were obtained to amplify this region of the FLS2 
gene and the Hpy188III restriction digest pattern of PCR products subsequently analysed.  
The restriction digest pattern obtained verifies the genetic background of both insertional 
mutants in addition to confirming the presence of a premature stop codon in the FLS2 gene 
in plants of Wassilewskija ecotype (Figure 3-4B). 
91 
 
 
 
Figure 3-4 - CAPs analysis of FLS2 alleles 
A)  The domain structure of FLS2 is shown schematically. The Hpy188III restriction pattern expected for both the Columbia 
and Wassilewskija FLS2 alleles is shown.  The red arrow indicates the location of the novel Hpy188III restriction site caused 
by a single base pair deletion in the Wassilewskija FLS2 allele.  B) Hpy188III restriction digest of genomic DNA amplified 
with primers FG-1 and FG-2 (see methods section 2.3 for primer sequences) confirming the expected restriction digestion 
pattern associated with Columbia and Wassilewskija FLS2 alleles.  DNA ladder in base-pairs (bp) is shown in the first lane. 
 
 
 Seedlings of both ahk5-1 (Col-0) and ahk5-3 (Ws-4) were screened for flg22-mediated 
seedling growth inhibition.  Both mutants were found to exhibit a similar flg22 sensitivity to 
their respective wild-type ecotypes as assessed by fresh weight measurements.   ahk5-1 
(Col-0) seedlings were shown to exhibit a comparable flg22 dose-dependent response to 
that of wild-type Col-0 seedlings (Figure 3-5) whilst, similar to Ws-4 seedlings,  ahk5-3 (Ws-
4) seedlings were found to be flg22 insensitive (Figure 3-6).  It would therefore appear that 
whole seedling fresh weight sensitivity to flg22 remains unaltered in ahk5 mutant plants of 
both the Columbia and Wassilewskija ecotypes. 
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Figure 3-5 - Dose-dependent growth inhibition of Columbia (Col-0) and ahk5-1 (Col-0) seedlings in response to flg22 
Following germination seedlings were transferred to liquid MS medium containing different concentrations of flg22 or the 
inactive flg22 
A.tum
 peptide (1µM). Following 10 days growth, individual seedling fresh weights were recorded. Bars show 
the average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per 
treatment. Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, 
p < 0.05).  Control fresh weights in milligrams were as follows – Col-0 = 39.7 ± 3.5mg, ahk5-1 (Col-0) = 36.4 ± 1.9mg. 
 
Figure 3-6 - Flg22 Insensitivity of wild-type Wassilewskija (Ws-4) and ahk5-3 (Ws-4) seedlings  
Following germination seedlings were transferred to liquid MS medium containing different concentrations of flg22 or the 
inactive flg22 
A.tum
 (1µM). Following 10 days growth, individual seedling fresh weights were recorded. Bars show the 
average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per treatment.  
Data with the same letters indicate no statistical difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05).  
Control fresh weights in milligrams were as follows – Ws-4 = 47.6 ± 2.4mg, ahk5-3 (Ws-4) = 45.4 ± 2.6mg. 
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3.2.3  Ethylene receptor function in flg22-mediated growth inhibition 
 
 EMS derived single loss-of-function mutants of the hybrid histidine kinase ethylene 
receptors ETR1, ETR2 and EIN4 below were similarly screened for flg22 sensitivity.  As shown 
in Figure 3-7 below, the etr1-7 mutant contains a stop codon in the second transmembrane 
helix of the ethylene binding domain (Hua & Meyerowitz, 1998).  The etr2-3 mutant 
contains a G-A substitution producing a stop codon at Trp-312 in the cytosolic GAF domain 
(Hua & Meyerowitz, 1998), thought to mediate ethylene receptor interaction (Gao & 
Schaller, 2009) whilst the ein4-4 mutant contains a C-T transition and corresponding stop 
codon at Trp-138 proceeding the hydrophobic ethylene-binding domain (Hua & Meyerowitz, 
1998).   
 
 
Figure 3-7 - Domain structure of the hybrid HK ethylene receptors showing position of point-mutations 
Schematic showing the domain structure of the three hybrid HK ethylene receptors ETR1, ETR2 and EIN4.  The position of 
their respective mutations and the resultant amino acid changes conferred are shown.  The transmembrane hydrophobic 
N-terminal ethylene binding domain is indicated by black rectangles followed by the cytosolic GAF domain.  Histidine 
kinase domains are indicated by open rectangles with the letter H indicating the presence of the conserved 
phosphorylatable histidine residue. Receiver domains are indicated by open rectangles with the letter D indicating the 
presence of a conserved aspartate residue.  
 
 
 Analysis of seedling fresh weight revealed the ethylene receptor loss-of-function mutants 
(etr1-7, etr2-3 and ein4-4) to exhibit a flg22 sensitivity similar to wild-type at all 
concentrations of flg22 tested (Figure 3-8, Figure 3-9 and Figure 3-10).   
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Figure 3-8 - Dose-dependent growth inhibition of Col-0 and etr1-7 (Col-0) seedlings in response to flg22 
 
 Following germination seedlings were then transferred to liquid MS medium containing different concentrations of flg22 
or the inactive flg22 
A.tum
 peptide (1µM). Following 10 days growth, individual seedling fresh weights were recorded. Bars 
show the average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per 
treatment. Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, 
p < 0.05).   Control fresh weights in milligrams were as follows – Col-0 = 29.8 ± 1.6mg, etr1-7 (Col-0) = 29.5 ± 1.4mg 
 
 
Figure 3-9 - Dose-dependent growth inhibition of Col-0 and etr2-3 (Col-0) seedlings in response to flg22 
 
Following germination seedlings were transferred to liquid MS medium containing different concentrations of flg22 or the 
inactive flg22 
A.tum
 peptide (1µM). Following 10 days growth, individual seedling fresh weights were recorded. Bars show 
the average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per 
treatment.  Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, 
p < 0.05).  Control fresh weights in milligrams were as follows – Col-0 = 39.7 ± 3.4 mg, etr2-3 (Col-0) = 38.2 ± 1.7mg. 
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Figure 3-10 - Dose-dependent growth inhibition of Col-0 and ein4-4 (Col-0) seedlings in response to flg22  
Following germination seedlings were transferred to liquid MS medium containing different concentrations of flg22 or the 
inactive flg22 
A.tum 
peptide (1µM). Following 10 days growth, individual seedling fresh weights were recorded. Bars show 
the average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per 
treatment. Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, 
p < 0.05). Control fresh weights in milligrams were as follows – Col-0 = 38.2 ± 2.1mg, ein4-4 = 33.1 ± 1.7mg. 
 
   
 
3.2.4 Assessment of flg22-mediated growth inhibition in ethylene-insensitive mutants 
 
Given the known growth inhibitory role of ethylene (Binder et al, 2004), we set to determine 
whether flg22-mediated growth inhibition may be dependent on ethylene perception 
and/or downstream ethylene mediated signalling.  The dominant gain of function etr1-1 
mutation arises from a single amino acid change in the N-terminal ethylene binding 
hydrophobic region of the ETR1 receptor as shown in Figure 3-11 below (Bleecker et al, 
1988).  As discussed earlier in section 1.10.2, this mutation has been shown to eliminate 
binding of a copper cofactor and consequently prevents ethylene binding to the ETR1 
receptor thereby conferring ethylene insensitivity (Rodríguez et al, 1999).  
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Figure 3-11 - Domain structure of the hybrid HK ETR1 showing the position of the etr1-1 point-mutation 
Schematic showing the domain structure of the hybrid HK ETR1.  The etr1-1 mutation is caused by a point mutation at 
residue 65 (cysteine to tyrosine) in the transmembrane N-terminal ethylene binding domain (indicated by black rectangles) 
as shown.   
 
  Seedlings of the etr1-1 mutant were screened for growth sensitivity toward a range of 
flg22 peptide concentrations.  Surprisingly, the etr1-1 mutant exhibited significantly reduced 
sensitivity to the active flagellin peptide at a range of concentrations, even at 
concentrations as low as 10nM (Two-way ANOVA followed by Tukey’s post-hoc test) (Figure 
3-12). At a flg22 concentration of 100nM the average percentage reduction in fresh weight 
for etr1-1 mutant seedlings was approximately half that of wild-type seedlings.  This would 
suggest that ethylene perception may be required for flg22-mediated seedling growth 
inhibition.  
Figure 3-12 - Dose-dependent growth inhibition of wild-type Col-0 and etr1-1 (Col-0) seedlings in response to flg22 
Following germination seedlings were then transferred to liquid MS medium containing different concentrations of flg22 or 
the inactive flg22 
A.tum
 peptide.  Following 10 days growth, individual seedling fresh weights were recorded. Different 
letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05). Control 
fresh weights in milligrams were as follows – Col-0 = 36.8 ± 2.5mg, etr1-1 (Col-0) = 27.7 ± 2.2mg *p< 0.05 (t-test) versus 
Columbia control fresh weight. 
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  EIN2 is known to be a central component of the ethylene signal transduction pathway 
essential for downstream ethylene  signalling responses (Alonso et al, 1999).  Consistent 
with a role for ethylene in mediating flg22-mediated growth inhibition, seedlings of the 
ethylene-insensitive ein2-1 mutant were similarly less sensitive to the flg22 peptide at 
concentrations of both 100nM and 1µM (Figure 3-13).  This data thus confirms a role for 
ethylene-mediated signal transduction in flg22-mediated growth inhibition.  
 
 
Figure 3-13 - Dose-dependent growth inhibition of wild-type Col-0 and ein2-1 (Col-0) seedlings in response to flg22 
Following germination seedlings were then transferred to liquid MS medium containing different concentrations of flg22 or 
the inactive flg22 
A.tum
 peptide.  Following 10 days growth, individual seedling fresh weights were recorded. Bars show the 
average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per treatment. 
Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05). 
Control fresh weights in milligrams were as follows – Col-0 = 38.1 ± 3.1mg, ein2-1 (Col-0) = 22.2 ± 1.3mg ***p<0.001 (t-test) 
versus Columbia control fresh weight. 
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3.2.5 Assessment of flg22-mediated growth inhibition in the presence of silver ions 
 
  In order to confirm the role of ethylene-mediated signalling in flagellin induced seedling 
growth inhibition, the effect of the addition of silver nitrate (AgNO3) to seedling growth 
media was examined.  AgNO3 is a potent inhibitor of ethylene action acting by interfering 
with ethylene binding to its receptors thus blocking ethylene perception (Beyer, 1976).  
Wild-type seedlings were treated concurrently with AgNO3 (10µM) and the active flg22 
peptide at varying concentrations.  Addition of AgNO3 at a concentration of 10µM had a 
dramatic effect on flg22-mediated growth inhibition of wild-type seedlings at flg22 
concentrations of both 100nM and 1µM (Figure 3-14).  At a flg22 concentration of 100nM, 
the average percentage reduction in fresh weight of seedlings grown in the presence of 
AgNO3 was approximately half that of seedlings treated with 100nM flg22 alone and was 
comparable to the flg22-sensitivity of etr1-1 and ein2-1 mutants (Figure 3-12 and Figure 
3-13).  These data confirm a role for ethylene action in flg22 mediated growth inhibition.  
 
 
Figure 3-14 - Dose-dependent flg22-mediated growth inhibition of seedlings grown in the presence/absence of AgNO3  
Following germination wild-type Columbia seedlings were then transferred to liquid MS medium containing different 
concentrations of flg22 or the inactive flg22 
A.tum
 peptide in the presence or absence of 10µM AgNO3.  Following 10 days 
growth, individual seedling fresh weights were recorded. Bars show the average percentage change in fresh weight relative 
to untreated (Col) or AgNO3 treated (Col + AgNO3) control ±SE of approximately 40 seedlings per treatment. Different 
letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05).  Control 
fresh weights in milligrams were as follows – Col-0 =35.1±1.6mg, Col + AgNO3  = 23 ± 1.6mg ***p<0.001 (t-test) 
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3.2.6 Assessment of flg22-mediated growth inhibition in Atrboh mutants  
 
  It has recently been shown that ethylene-insensitive mutants display severely decreased 
levels of flg22-mediated ROS production in seedlings (Mersmann et al, 2010).  In order to 
clarify the mechanisms by which flg22-mediated ethylene might inhibit growth we therefore 
set to determine whether ROS may act as a downstream intermediate in flg22-mediated 
seedling growth inhibition. Seedlings mutated in the NADPH oxidase isoform ATRBOHD, the 
source of flg22-mediated ROS (De Torres et al, 2006), were thus screened for flg22-
sensitivity.  Seedlings of the AtrbohD mutant were found to exhibit significant 
hyposensitivity to the flg22 peptide at concentrations of 10 and 100nm as assessed by Two-
way ANOVA (Figure 3-15).  In contrast, seedlings of the AtrbohF were found to exhibit wild-
type sensitivity to flg22 at all concentrations tested (Figure 3-16) thus suggesting specificity 
in the response.  
 
 
Figure 3-15 - Dose-dependent growth inhibition of Col-0 and AtrbohD (Col-0) seedlings in response to flg22 
Following germination seedlings were then transferred to liquid MS medium containing different concentrations of flg22 or 
the inactive flg22 
A.tum
 peptide.  Following 10 days growth, individual seedling fresh weights were recorded. Bars show the 
average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per treatment.  . 
Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05).  
Control fresh weights in milligrams were as follows – Col-0 =25.4±0.8mg, AtrbohD (Col-0)=22.6±1.9mg.  
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Figure 3-16 - Dose dependent growth inhibition of Col-0 and AtrbohF (Col-0) seedlings in response to flg22 
Following germination seedlings were then transferred to liquid MS medium containing different concentrations of flg22 or 
the inactive flg22 
A.tum
 peptide.  Following 10 days growth, individual seedling fresh weights were recorded. Bars show the 
average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per treatment. 
Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05).  
Control fresh weights in milligrams were as follows – Col-0 =25.4±0.8mg, AtrbohF (Col-0)=21.7±1.4mg *p<0.05 (t-test) 
versus Columbia control fresh weight. 
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3.2.7 Cytokinin receptor function in flg22-mediated growth inhibition 
 
Characterised T-DNA insertion lines were obtained for the three members of the cytokinin 
receptor family AHK2, AHK3 and AHK4 (Higuchi et al, 2004).  The ahk2-2 and ahk4-12 
mutants contain insertions in the cytokinin binding CHASE domain, whilst the ahk3-3 
insertion lies in the His kinase domain as illustrated in Figure 3-17.  
 
 
 
Figure 3-17 - Genomic structure of AHK2, AHK3 and AHK4 showing the position of T-DNA insertion sites 
The position of the T-DNA insertion sites in AHK2 (ahk2-2), AHK3 (ahk3-3) and AHK4 (ahk4-12) are shown.  Boxes represent 
exons, horizontal bars introns and triangles T-DNA integrations sites.  The location of the regions encoding the cytokinin 
binding CHASE domain, the His-Kinase domain (consisting of the HisKA phospho-accepting domain and the catalytic 
HATPase domain) and Receiver domain are shown.  The position of the conserved Histidine (H) of the Kinase domain and 
Aspartate (D) residue of the Receiver domain required for phosphorelay are marked with a star (*). Domain structure was 
identified using the Conserved Domain Database (NCBI). 
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  The homozygous mutants were similarly screened for seedling flagellin sensitivity. Mutants 
in histidine kinases AHK3 (ahk3-3) and AHK4 (ahk4-12) were found to exhibit similar flg22 
sensitivity to their wild-type Col-0 counterparts (Figure 3-18 and Figure 3-19).  However, 
seedlings of the AHK2 loss-of-function mutant ahk2-2 were found to show a significant 
increase in peptide sensitivity at a flg22 concentration of 10nM (Figure 3-20).   At a higher 
flg22 concentration of 100nM, seedlings of the ahk2-2 mutant also appeared to show an 
increase in peptide sensitivity however statistical analysis via Two-way ANOVA followed by 
Tukey’s post hoc test revealed this to be non-significant (p=0.1315).   At the maximum 
concentration of 1µM flg22, the sensitivity of the ahk2-2 mutant did not differ significantly 
from wild-type. At a concentration of 1µM flg22, seedlings of the ahk2-2 mutant were found 
to weigh only 10% that of untreated seedlings.  It could therefore be that at a concentration 
of 1µM flg22, maximal growth inhibition may have been achieved thus explaining why 
enhanced sensitivity was not observed at this concentration. 
 
 
Figure 3-18 - Dose-dependent growth inhibition of Col-0 and ahk3-3 (Col-0) seedlings in response to flg22 
Following germination seedlings were transferred to liquid MS medium containing different concentrations of flg22 or the 
inactive flg22 
A.tum
 peptide (1µM). Following 10 days growth, individual seedling fresh weights were recorded. Bars show 
the average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per 
treatment Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, p 
< 0.05).  . Control fresh weights in milligrams were as follows – Col-0 = 41.84 ± 1.8mg, ahk3-3 (Col-0) = 31.99 ± 1.4mg *** 
p< 0.001 (t-test) versus Columbia control fresh weight. 
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Figure 3-19 - Dose-dependent growth inhibition of Col-0 and ahk4-12 (Col-0) seedlings in response to flg22 
Following germination seedlings were transferred to liquid MS medium containing different concentrations of flg22 or the 
inactive flg22 
A.tum
 peptide. Following 10 days growth, individual seedling fresh weights were recorded. Bars show the 
average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per treatment. 
Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05).  
Control fresh weights in milligrams were as follows – Col-0 = 43.9 ± 1.6mg, ahk4-12 (Col-0) = 41.3 ± 2.2mg                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
 
Figure 3-20 - Dose-dependent growth inhibition of Col-0 and ahk2-2 (Col-0) seedlings in response to flg22 
Following germination seedlings were transferred to liquid MS medium containing different concentrations of flg22 or the 
inactive flg22 
A.tum
 peptide (1µM).  Following 10 days growth, individual seedling fresh weights were recorded. Bars show 
the average seedling fresh weight as a percentage of the untreated control ±SE of approximately 40 seedlings per 
treatment. Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's post hoc test, 
p < 0.05). Control fresh weights in milligrams were as follows – Col-0 = 43.2 ± 1.6mg, ahk2-2 (Col-0) = 34.6 ± 1.4mg. *** p< 
0.001 (t-test) versus Columbia control fresh weight. 
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3.2.8 Results Summary 
 
- ahk5 mutants exhibit a similar flg22 sensitivity to their wild-type counterparts as 
assessed by seedling growth inhibition 
 
- Ethylene-insensitive mutants etr1-1 and ein2-1 exhibit hyposensitivity to the flg22 
peptide as assessed by seedling growth inhibition 
 
- AtrbohD mutants similarly exhibit hyposensitivity to the flg22 peptide 
 
- ahk3-3 and ahk4-12 mutants exhibit a wild-type growth sensitivity to flg22 but at a 
low flg22 concentration of 10nM, seedling growth inhibition is exaggerated in the 
AHK2 loss-of-function mutant ahk2-2. 
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3.3  Discussion 
 
3.3.1 Ethylene perception and signalling are required for flg22-mediated growth 
inhibition 
 
   Following addition of the flg22 peptide to the growth media, seedlings of the ethylene-
insensitive mutant etr1-1 were found to exhibit reduced seedling sensitivity to the flg22 
peptide with the percentage reduction in fresh weight approximately half that of wild-type 
seedlings (Figure 3-12). This would thus suggest that ethylene perception, via members of 
the ethylene-receptor family, mediates flg22-mediated growth inhibition.  In keeping with 
this data, Col-0 seedlings treated with silver nitrate (AgNO3) were similarly reduced in flg22-
sensitivity (Figure 3-14).   Silver ions (in the form of nitrate such AgNO3) have been shown to 
inhibit ethylene responses when applied to plant tissues (Beyer, 1976).  Ethylene binding to 
ETR1 is known to be mediated by a single copper ion present at the ethylene binding site. 
Ethylene is thought to interact with this Cu (I) cofactor thus initiating downstream signalling 
(Schaller & Bleecker, 1995).   It has been demonstrated that similar to copper, silver ions can 
occupy the ethylene binding site of ETR1 (Rodríguez et al, 1999).  Given the ethylene 
antagonistic properties of silver it is proposed that silver may competitively replace the 
copper cofactor present in the ethylene-binding site.  It has however been shown that 
receptors containing silver are still able to bind ethylene but such binding fails to induce 
downstream ethylene responses (Rodríguez et al, 1999).  The observation that AgNO3 can 
abrogate flg22-mediated growth inhibition would thus suggest that downstream ethylene 
responses are likely required to mediate such growth inhibition.  In consistency with this 
hypothesis, seedlings of the ethylene-insensitive ein2-1 mutant, defective in the 
transmembrane protein EIN2, a downstream component of the ethylene signalling pathway, 
were similarly found to exhibit flg22 hyposensitivity (Figure 3-13).  Thus both ethylene 
receptor mediated perception and ethylene-mediated signal transduction via the classical 
ethylene signalling pathway are required for flg22-mediated growth inhibition.  
 
  The flg22 peptide has been shown to rapidly induce the production of ethylene in wild-type 
seedlings in an FLS2-dependent manner (Dunning et al, 2007; Navarro et al, 2004).  Via gas 
chromatography, significant seedling ethylene production can be detected within just 30 
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minutes exposure to the flg22 peptide, with ethylene levels peaking following around 6 
hours exposure (Navarro et al, 2004).  Our data would thus suggest that this ethylene 
produced in response to exposure to flg22 may act to inhibit plant growth.  This would not 
be surprising as ethylene has long been recognised as growth inhibitory as exemplified by 
the characteristic ethylene triple-response (Guzman & Ecker, 1990).  It is thought that 
ethylene may inhibit growth in part via inhibiting longitudinal cell expansion via 
reorientation of cellulose microfibrils, thus controlling a switch from elongation to lateral 
expansion (Roberts et al, 1985).  Endogenous ethylene levels are thus thought to play a key 
role in regulating leaf and cotyledon cell expansion (Foo et al, 2006; Goeschl et al, 1967; 
Smalle & Van der Straeten, 1997).  It was observed that seedlings grown in the presence of 
high flg22 concentrations phenocopied known morphological characteristics of seedlings 
grown in the presence of ethylene, being significantly dwarfed with unexpanded leaves 
(Kieber et al, 1993).  Whilst treatment of adult plants with ethylene has been shown to 
cause chlorophyll bleaching and leaf senescence, this was not observed in plants grown in 
the continuous presence of ethylene (Kieber et al, 1993).  Seedlings grown in the continuous 
presence of flg22 similarly remained green in colour and did not show signs of necrosis (data 
not shown).  The growth  inhibitory effect of ethylene is known to depend on  the 
developmental stage of the plant, with the ethylene-mediated reduction in leaf elongation 
being more severe in early rather than late adult rosette leaves (Smalle & Van der Straeten, 
1997).  This difference may reflect the way mature, fully expanded leaves respond to 
ethylene as compared with newly developed, unexpanded leaves and may explain the 
dramatic effect of flg22 on early seedling growth as seen here.   
 
     Surprisingly, despite hypersensitivity to exogenously applied ethylene (Cancel & Larsen, 
2002), flg22-mediated growth inhibition was unaffected in the etr1-7 loss-of-function 
mutant (Figure 3-8).  Enhanced ethylene sensitivity is unique to etr1 loss-of-function 
mutants and is thought to reflect the prominent role of the ETR1 receptor as a regulator of 
CTR1 activity (Cancel & Larsen, 2002; Clark et al, 1998).  A 3- to 4-fold higher concentration 
of ethylene was required to give 50% inhibition of hypocotyl elongation for the wild-type in 
comparison with the etr1-7 mutant (Cancel & Larsen, 2002).  etr1-7 mutants were also 
found to exhibit exaggerated ethylene-induced changes in gene expression in leaves, 
suggesting the mutation to confer increased ethylene responsiveness throughout the plant 
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(Cancel & Larsen, 2002).  Given that seedlings of the ethylene-insensitive mutant etr1-1 
exhibit reduced growth inhibition in response to flg22, it may therefore be expected that 
seedlings of the ethylene hypersensitive etr1-7 mutant should exhibit exaggerated growth 
inhibition in response to the flg22 peptide.  However contrastingly they appear to exhibit a 
similar sensitivity to wild-type.  However whilst exogenously applied ethylene is hypocotyl 
growth inhibitory in dark-grown etiolated seedlings, contrastingly ethylene has been shown 
to stimulate hypocotyl elongation in the light (Smalle et al, 1997).  This ethylene growth-
promoting effect appears to be specific to hypocotyls as despite exhibiting enhanced 
hypocotyl growth, the constitutive ethylene response mutant ctr1-1 shows reduced leaf cell 
size when grown in the light (Smalle et al, 1997).  Similarly etr1-7 mutants were shown to 
exhibit reduced leaf expansion (Hua & Meyerowitz, 1998) thought to be as consequence of 
hypersensitivity to low levels of endogenous ethylene (Cancel & Larsen, 2002).  It could 
therefore be that whilst the growth inhibitory effect of flg22-mediated ethylene is enhanced 
in the etr1-7 mutant, the growth promoting effect of flg22-mediated ethylene on hypocotyls 
is also enhanced.  Thus enhanced hypocotyl growth may compensate for reduced leaf 
growth such that the fresh weight change observed following flg22 treatment in etr1-7 
seedlings mirrors that of wild-type plants. This however remains to be clarified. 
 
   In keeping with the identified role for ethylene in mediating flg22-mediated growth 
inhibition it is interesting to note that the Wassilewskija ecotype has been shown to be 
exhibit enhanced ethylene sensitivity when compared to the wild-type Columbia ecotype 
(Roman et al, 1995).  Examination of flg22-mediated growth inhibition in the Wassilewskija 
ecotype complemented with full-length FLS2 under the control of its native promoter 
revealed that in comparison to wild-type Columbia seedlings, the Ws complemented line 
exhibits flg22 hypersensitivity.  At a flg22 concentration of 100nM, wild-type Columbia 
seedlings were found to be around 28% the weight of their untreated control (Figure 3-1) 
whilst this figure was 13% for seedlings of the Ws/FLS2 complemented line (p<0.0001, t-
test) (Figure 3-2). The enhanced flg22 sensitivity of Ws/FLS2 could thus be accounted for by 
enhanced sensitivity to flg22-mediated ethylene in the Ws ecotype.   
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   Subsequent to this work, a role for ethylene in regulating flg22-mediated growth inhibition 
was verified by Boutrot et al who similarly observed reduced growth inhibition in etr1-1 and 
ein2 mutants (2010).  Boutrot et al (2010) however suggest an alternative explanation for 
the reduced flg22 sensitivity observed in ethylene-insensitive mutants.  Plants defective in 
ethylene perception and/or signal transduction were found to have reduced steady-state 
levels of the flg22 receptor FLS2 (Boutrot et al, 2010).  This reduction of FLS2 protein levels 
was found to correlate with a reduced level of steady state FLS2 transcript (Boutrot et al, 
2010).  The flg22-mediated increase in FLS2 transcript levels was also found to be 
significantly reduced in the ethylene-insensitive ein2-5 mutant (Boutrot et al, 2010).  It was 
subsequently shown that the ethylene-induced transcription factor EIN3 can directly bind to 
the FLS2 promoter thus inducing FLS2 transcription (Boutrot et al, 2010). Thus the impaired 
flg22 sensitivity of the ethylene-insensitive mutants as observed by seedling growth 
inhibition may be caused by the reduced steady-state FLS2 protein level and a reduced 
increase in FLS2 protein level following flg22 treatment, rather than a direct requirement for 
ethylene in the growth inhibiting process.  The two processes are not however mutually 
exclusive.  
 
3.3.2 ATRBOHD-dependent ROS production is required for flg22-mediated growth 
inhibition 
 
  One of the earliest observable responses to flagellin is the oxidative burst, a rapid and 
transient release of reactive oxygen species (ROS) (Gomez-Gomez et al, 1999).  ROS 
production is known to be required for a number of flg22-mediated responses including 
callose deposition (Zhang et al, 2007) and stomatal closure (Melotto et al, 2006).  
Interestingly it has recently been shown that ethylene-insensitive mutants display severely 
decreased levels of flg22-mediated ROS production (Mersmann et al, 2010). Seedlings of the 
etr1-1 mutant were found to be almost unresponsive to flg22 treatment with flg22-
mediated ROS levels close to those detected in the fls2 mutant (Mersmann et al, 2010), 
suggesting a requirement for ethylene in flg22-mediated ROS production. 
 
     Attempts were made to verify the ROS phenotype of the etr1-1 mutant and assess flg22-
mediated ROS production in seedlings of other HK mutants using the H2O2 sensitive probe 
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Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine, Invitrogen).  This highly sensitive probe 
reacts with H2O2 in the presence of peroxidase to form the stable fluorescent compound 
resorufin which can be detected and quantified fluorometrically (Zhou et al, 1997).  Despite 
establishing the sensitivity and linearity of the assay at low levels of H2O2 (See Appendix 1), 
we observed no consistent increase in ROS above detectable basal levels following 
treatment of seedlings with the flg22 peptide (data not shown).  Interestingly however it 
would appear that others have experienced similar problems using alternative H2O2 
detection methods. On closer inspection of publications methods it would appear that ROS 
levels as assessed in wild-type and etr1-1 mutants were determined following flg22-priming 
(Mersmann et al, 2010).  In order to reproducibly detect an increase in flg22-mediated ROS 
using the luminol detection method, Mersmann et al first treated the seedlings with 10nM 
flg22 for 1 hour before treating them with 100nM flg22 for 20 minutes. These results should 
therefore be taken with some caution as compromised/enhanced ROS production observed 
in mutants may reflect differential flg22-priming rather than differential ROS induction.  
 
  The NADPH-oxidase ATRBOHD is known to be the primary source of flg22-mediated ROS in 
seedlings and leaf tissues (Zhang et al, 2007).  Despite the caveat of the priming method 
used, in seedlings of the AtrbohD mutant the flg22 induced oxidative burst has been shown 
to be severely compromised (Mersmann et al, 2010).  The data presented here 
demonstrates that the AtrbohD mutant exhibits significant hyposensitivity to the flg22 
peptide as assessed by seedling growth inhibition (Figure 3-15).  In contrast to the AtrbohD 
mutant, no significant change in flg22-regulated growth was observed in the AtrbohF 
mutant (Figure 3-16). These data would suggest that flg22-mediated ROS production 
mediated via ATRBOHD acts a positive regulator of flg22-mediated growth inhibition.  This is 
in contradiction to the work of Mersmann et al (2010) who showed that seedling growth 
inhibition was independent of ATRBOHD function. However, in the same paper it was also 
reported that seedlings of the etr1-1 mutant exhibit flg22-mediated growth inhibition as in 
wild-type seedlings. This is contradictory to both the work shown here and the work of 
Boutrot et al (2010).   It may thus be that the sensitivity of the seedling growth assay used 
by Mersmann et al is not sufficient to detect small flg22-mediated changes in seedling 
growth as suggested by the large standard deviations values quoted.  
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    This growth inhibitory role of ATRBOHD-derived ROS is perhaps surprising as although 
ROS are known to act as important regulators of plant growth, there is much evidence to 
suggest their effect on growth during plant development is stimulatory (Gapper & Dolan, 
2006).  For instance it has been shown that in maize, leaf expansion is dependent on a wave 
of ROS-dependent cell growth (Rodríguez et al, 2002).  Several other studies indicate that 
ROS are required for cell expansion during the morphogenesis of organs such as roots and 
leaves.  For example, ROS production by the NADPH-oxidase ATRBOHC has been shown to 
be required for root cell elongation during root hair formation, mediating activation of Ca2+ 
channels, thus facilitating Ca2+ influx required for growth (Foreman et al, 2003).  
 
   In contrast however, there is some evidence to suggest that ROS can also act in a growth 
inhibitory manner. It has been shown that mild oxidative stress, imposed via the addition of 
free-radical inducer menadione, can inhibit cell division in plant cell suspension and reduce 
meristematic activity in tobacco plants (Reichheld et al, 1999).  Sub-lethal doses of 
menadione-induced oxidative-stress were found to impair the G1/S transition and delay 
entry into mitosis (Reichheld et al, 1999).  A number of oxidative stress-related genes have 
been shown to be rapidly  upregulated in seedlings  following flg22 treatment at peptide 
concentrations comparable to those used in this study (Mészáros et al, 2006).  The 
regulation of plant cell cycle progression in response to flg22-mediated oxidative stress may 
thus be a mechanism by which flg22 acts to inhibit seedling growth.           
 
     The cell wall plays also an important role in regulating cell growth; the loosening of the 
cell wall allows cells to expand (Fry, 1998; Liszkay et al, 2004) whilst cell wall cross-linking 
acts to inhibit cell expansion (Hohl et al, 1995; Schopfer, 1996).  As well as contributing to 
the termination of cell wall extensibility during growth, stimulus-dependent cell wall cross-
linking plays an important role in regulating root morphogenesis in response to cellular 
inputs. It has been shown that  ethylene precursor ACC inhibits root growth via the ROS 
dependent cross-linking of cell wall components such as hydroxyproline-rich glycoproteins 
(HRGPs) (De Cnodder et al, 2005).  HRGPs are secreted from the cytoplasm as a soluble 
monomer and are insolubilised in the cell wall via peroxidase catalysed covalent crosslinking 
with themselves or with other cell wall components thus inhibiting cell expansion (Mazau & 
Esquerré-Tugayé, 1986).  It is therefore possible that as in roots, ethylene may mediate 
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flg22-mediated seedling growth inhibition via ROS-dependent cell wall cross-linking. The 
oxidative cross-linking of cell wall proteins is thought to be an integral part of the plant 
pathogen defence response, acting to increase the structural integrity of the cell wall thus 
slowing pathogen ingress (Brisson et al, 1994). Hydroxyproline-rich glycoprotein 
accumulation has been demonstrated in the cell walls of plants infected by various 
pathogens (Mazau & Esquerré-Tugayé, 1986).  Although there is no direct evidence to 
suggest that flg22 perception induces cell wall cross-linking, localised alterations in the plant 
cell wall including the deposition of HRGPs were observed following elicitation with the non-
pathogenic hrp strain of P. syringe pv. phaseolicola thus causing cell wall thickening 
(Bestwick et al, 1995).  The hrp strain is known to lack a functional type III secretory 
apparatus required for bacterial effector delivery thus suggesting that such changes 
observed may be a component of basal PAMP-mediated plant defence.  It could be that as 
has been shown for some fungal elicitors (Bradley et al, 1992), flg22 may similarly mediate 
ROS-dependent cross-linking of the cell wall as a pathogen defence mechanisms with 
resulting implications for cell elongation.  This could thus account for the ROS-dependency 
of flg22-mediated growth inhibition.  
 
3.3.3  Flg22-mediated growth inhibition is independent of AHK5 function 
 
 Given the identified role for AHK5 in guard cell flg22-mediated signal transduction (Desikan 
et al, 2008), it was hypothesised that AHK5 may similarly mediate flg22 responses in other 
tissues.  However, surprisingly, seedlings of both ahk5-1 (Col-0) and ahk5-3 (Ws-4) were 
found to exhibit a flg22-sensitivity similar to that of their wild-type counterparts.  Whilst the 
ahk5-1 (Col-0) mutation was found to confer flg22-insensitivity in stomatal guard cells 
(Desikan et al, 2008), ahk5-1(Col-0) seedlings were found to respond to the flg22 peptide in 
a similar manner to their wild-type Col-0 counterparts (Figure 3-5).  Interestingly, whilst loss 
of AHK5 function in the Columbia background has been found to confer flg22 guard-cell 
insensitivity, the ahk5-3 mutation of the flg22 insensitive Wassilewskija ecotype has been 
shown to restore flg22 sensitivity in guard cells (Desikan, unpublished data). The 
mechanisms underlying this phenomenon are unknown.  However like their wild-type Ws-4 
counterparts, ahk5-3 (Ws-4) seedlings were found to exhibit flg22 insensitivity as assessed 
by seedling growth inhibition (Figure 3-6).  This would thus suggest that AHK5 may regulate 
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flg22 signalling in a tissue-specific manner.  AHK5 transcript is known to be expressed in 
light-grown seedlings whilst in comparison is only weakly detectable in mature leaves and 
stomatal guard cells (Desikan et al, 2008).  Thus gene expression pattern is unlikely to 
account for tissue-specific requirement of AHK5 for flg22-mediated responses. Rather it is 
likely that AHK5 function may depend on interaction with other proteins specific to different 
tissues.  AHK5 has been shown to function as a ROS sensor in stomatal guard cells (Desikan 
et al, 2008).  However, despite a role for flg22-mediated ROS production in flg22-mediated 
seedling growth inhibition, seedlings of ahk5 mutants were found to exhibit a wild-type 
growth response to flg22.  Whether AHK5 also acts to perceive ROS in non-guard-cell tissues 
remains to be determined, however the data presented here would suggest that flg22-
mediated seedling growth inhibition does not likely occur via AHK5-dependent H2O2 
perception.    
 
  Given the identified role for ethylene in flg22-mediated growth responses it is further 
surprising that the ahk5 mutants exhibit a wild-type sensitivity to flg22 as AHK5 is known to 
function as a negative regulator of ethylene-mediated growth inhibition in roots (Iwama et 
al, 2007).  However, whether AHK5 also acts to modulate growth responses to ethylene in 
aerial plant tissues remains unknown.  It is possible that AHK5, known to be highly 
expressed in roots (Desikan et al, 2008), may play a role in an ethylene and hence flg22-
mediated signalling pathway that is specific to roots.  Ascertaining the function of ethylene 
and AHK5 in flg22-mediated root responses is therefore of interest.  
 
3.3.4  AHK2 negatively regulates flg22-mediated growth inhibition 
 
  T-DNA insertion mutants in the three cytokinin receptors AHK2, AHK3 and AHK4 were 
similarly screened for flg22 sensitivity. Whilst AHK3 and AHK4 loss-of-function mutants were 
found to exhibit a wild-type sensitivity to flg22 (Figure 3-18 and Figure 3-19) seedlings of the 
AHK2 loss function mutant ahk2-2 were found to exhibit significant hypersensitivity to the 
flg22 peptide at a low concentration of 10nM (Figure 3-20).  At a higher flg22 concentration 
of 100nM, seedlings of the ahk2-2 mutant also appeared to show an increase in peptide 
sensitivity however statistical analysis via Two-way ANOVA revealed this to be non-
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significant.  Enhanced flg22 sensitivity was not observed at a higher peptide concentration 
of 1µM.  
 
  The observed flg22 hypersensitivity of ahk2-2 mutants at low flg22 concentrations would 
suggest that flg22-mediated growth inhibition may be in part regulated by AHK2-mediated 
cytokinin perception.  Given the growth regulatory role of cytokinin this would not be 
altogether unsurprising.  Cytokinins have also been shown to play a primary role in 
regulating shoot proliferation in the shoot apical meristem (Higuchi et al, 2004; Werner et 
al, 2001).  ahk2,ahk3 double mutants exhibit smaller leaves and shorter stems than wild-
type plants (Riefler et al, 2006) thus suggesting that ahk2 and ahk3 function redundantly to 
regulate aerial plant growth.  However as discussed earlier in section 1.11.2, of the three 
single loss-of-function cytokinin receptor mutants, ahk2 is the only one lacking a 
morphological or cytokinin-associated phenotype suggesting that the redundancy with 
other cytokinin receptors is complete.  It is therefore surprising that a flg22-associated 
growth phenotype has been identified in the ahk2 loss-of-function mutant.  It was however 
noted that both the ahk2-2 and ahk3-3 single loss-of-function mutants were significantly 
reduced in control seedlings fresh weight when compared to wild-type (see fresh weights 
indicated in the legend of Figure 3-18 and Figure 3-20) thus suggesting that the receptors 
may individually contribute to constitutive seedling growth regulation.    
 
  Interestingly, it has recently been demonstrated that in addition to their role in cytokinin 
perception, the three cytokinin receptors can function as negative regulators of stress 
signalling (Tran et al, 2007).  Both AHK2 and AHK3 loss-of-function mutants were found to 
be strongly tolerant to drought and salt stress suggesting that both these genes negatively 
control osmotic stress responses (Tran et al, 2007).  It has thus been proposed that the 
cytokinin receptors may play a dual role; that of positively regulating cytokinin-signalling 
whilst negatively regulating stress responses (Tran et al, 2010).  The ahk2,ahk3 double 
mutant was found to be more tolerant to drought (as scored by plant survival) and salt 
stress than the respective single mutants suggesting that the proteins function redundantly 
in abiotic stress tolerance (Tran et al, 2007).  However, the observed stress-associated 
phenotypes observed in the single ahk2 and ahk3 mutants suggest this redundancy is not 
complete.  This would be consistent with our data which suggests a non-redundant role for 
114 
 
AHK2 in negatively regulating flg22-mediated growth inhibition.  It is therefore possible that 
AHK2 may act to mediate flg22 signal output in a cytokinin independent manner. The 
mechanisms by which AHK2 might function in the flg22-mediated signalling pathway remain 
to be determined.  However, via yeast-2-hybrid analysis AHK2 was shown to interact directly 
with a number of non-TCS proteins including transcription factors (Dortay et al, 2008). 
 
3.3.5 Conclusions 
  
The data presented here would suggest a role for both ethylene-signalling and ATRBOHD 
induced ROS production in mediating flg22-mediated seedling growth inhibition.  Given that 
etr1-1 seedlings are insensitive to ethylene and exhibit greatly reduced ROS production in 
response to flg22 (Mersmann et al, 2010) would suggest that the two processes may be 
linked.  It is therefore proposed that perception of flg22-mediated ethylene may act to 
mediate ATRBOHD induced ROS. This hypothesis would be in keeping with the observations 
that ethylene can induce ROS production in a number of plant tissues (Desikan et al, 2006; 
Junmin et al, 2011; Moeder et al, 2002).  However despite AHK5 function in ethylene-
mediated root growth inhibition (Iwama et al, 2007) and the identified role of AHK5 as a 
ROS sensor (Desikan et al, 2008), flg22-mediating seedling growth inhibition appears to be 
independent of AHK5 function. 
 
     Interestingly whilst in the ethylene-insensitive mutants etr1-1 and ein2-1, flg22 mediated 
growth inhibition was reduced by approximately half when compared to wild-type, 
contrastingly, growth-inhibition was reduced by significantly less in AtrbohD mutants.  It 
may therefore be that ethylene mediates growth inhibition by both ROS dependent and 
independent mechanisms.  This would also suggest that whilst ethylene plays a contributory 
role to flg22-mediated growth inhibition other growth-restraining factors also play a role.  
 
The data here also suggest a unique role for the cytokinin receptor AHK2 as a negative 
regulator of flg22-mediated seedling growth inhibition at low flg22 peptide concentrations.  
However, the absence of flg22-associated growth phenotype in AHK3 and AHK4 loss-of-
function mutants would suggest the role of AHK2 in flg22-mediated signalling may be 
independent of its role in cytokinin perception.  This however remains to be clarified.  
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Chapter 4 – The role of histidine kinases in flg22-mediated root growth inhibition 
 
4.1 Introduction  
 
4.1.1 Flg22-mediated defence responses in roots 
 
   The soil represents a favourable habitat for microbes and is inhabited by a wide range of 
microorganisms.  Whilst a vast number of bacteria are known to colonise the plant 
rhizosphere, feeding on proteins and sugars released by plant roots, few bacteria are 
effective pathogens of root tissues (Loria et al, 2003).  For many root pathogenic bacteria, 
flagellum-dependent chemotaxis is key to both host colonisation and establishment of 
successful infection (Broek & Vanderleyden, 1995).  For example, non-motile mutants of the 
soil-borne necrotrophic root colonising bacterium Ralstonia solanacearum, defective in the 
gene encoding flagellin (fliC) exhibited markedly reduced virulence following soil-soak 
inoculation (Tans-Kersten et al, 2001).  Similarly, mutants of the root colonising bacteria 
Agrobacterium tumefaciens deficient in motility and chemotaxis were found to be avirulent 
on soil-grown plants (Hawes & Smith, 1989).  Interestingly, the amino acid sequence of the 
flg22 region of both A. tumefaciens and R. solanacearum flagellin were  found to be 
divergent in sequence  and were shown to be elicitor inactive  (Felix et al, 1999; Pfund et al, 
2004).  This was similarly observed in the beneficial root colonising bacteria Rhizobium 
melilotti  (Felix et al, 1999) suggesting there may be a strong selective pressure on bacteria 
to evade flagellin-mediated detection in root tissue.   
 
   In consistency with this hypothesis, flg22 has been shown to act as a potent inducer of 
defence responses in Arabidopsis roots.  Reporter gene analysis revealed the flg22-
mediated transcription of flg22-responsive genes in the root elongation zone (EZ) (Millet et 
al, 2010).  Flg22 was also shown to induce callose deposition in  the epidermal layer of the 
root EZ (Millet et al, 2010).  The localised nature of the flg22 responses to the EZ is thought 
to be of as consequence of the continued microbial presence in the rhizosphere (Millet et al, 
2010).  Flg22 responses are thus localised to areas of the roots most susceptible to 
pathogen attack such as the EZ, thought to be a major site of release of pathogen-attracting 
chemical exudates (Guerrero-Molina et al, 2011).  
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    Interestingly it has been shown that the plant-beneficial root colonising bacteria 
Pseudomonas fluorescens can actively suppress flg22-mediated gene expression (Millet et 
al, 2010).  Similarly Pst DC3000, capable of colonising root tissue, was shown to suppress 
flg22-mediated defences including flg22-mediated callose deposition (Millet et al, 2010).  
Suppression was shown to be dependent on the production of the phytotoxin coronatine 
(Millet et al, 2010), known to play a role in suppressing flg22-mediated responses in leaves 
(Melotto et al, 2006).  Thus both beneficial and pathogenic bacteria have developed 
mechanisms by which to overcome flg22-mediated defences in roots, either by actively 
evading flagellin-mediated recognition, or suppressing flg22-mediated defences. 
 
   In addition to mediating innate immune responses in the Arabidopsis root, the flg22 
peptide also acts to inhibit primary root growth (Gomez-Gomez et al, 1999).  However, the 
ecophysiological relevance of this root growth inhibition phenotype and the molecular 
mechanisms underlying it remain poorly understood. It is possible that root growth 
inhibition is an unavoidable consequence of stress-mediated metabolic disruption.  
Alternatively it is more likely root growth inhibition in response to flg22 perception may be 
an adaptive strategy whereby plant growth is reduced or redirected to diminish stress 
exposure, a process known as a ‘stress-induced morphogenic response’ (Potters et al, 2007). 
 
4.1.2 Root length is specified by both cell division and cell elongation 
 
   In the growing Arabidopsis root, cells proceed through distinct phases of cellular activity as 
illustrated in Figure 4-1.  Cell division is limited to the meristematic zone.   At about 300-
500µm from the root apex, cells stop dividing and enter the elongation zone (Carpita & 
Gibeaut, 1993).  Cell length can increase by over 300% in less than three hours (Verbelen et 
al, 2006).  The elongating cells then complete their differentiation into the primary tissues of 
the root entering the maturation zone. Primary root length is determined by the rate of cell 
production in at the root apical meristem (RAM) and the mature cell length following 
elongation.  The rate of cell production in the RAM is determined both by the number of 
dividing meristematic cells and their rate of cell division (Beemster & Baskin, 1998).  The 
mature cell length is determined by the relative cell elongation rate and the elongation 
duration (Silk & Erickson, 1979).   
118 
 
                  
 
Figure 4-1 - Longitudinal section of the Arabidopsis root showing the three zones of the root and the root cell types 
(From Ubeda-Tomás et al, 2012) 
   
4.1.3 Root Growth Plasticity 
 
Primary root length is determined by a subtle balance between growth stimulation and 
inhibition conferring growth plasticity in response to biotic and abiotic stimuli. This process 
involves integration of root and shoot-derived signals including the availability of nutrients, 
light and sugars and the perception of biotic and abiotic stress-related stimuli (Roitsch, 
1999).  Such cues are translated into growth responses by complex signalling cross-talk 
between classical hormonal pathways and secondary messengers such as ROS and NO.  
 
     Primary root growth is inhibited in response to a diverse array of environmental factors 
including low temperatures (Equiza et al, 1997), nutrient deficiency (Bloom et al, 2002; 
Williamson et al, 2001), the presence of metals (Ivanov et al, 2003) and the detection of 
PAMPs including flg22 (Gomez-Gomez et al, 1999).  Enhancing plant root growth offers a 
promising mechanism by which to improve plant exploitation of soil nutrients and water 
and is thus an attractive strategy by which to increase crop yield in the face of a changing 
climate (Gewin, 2010).  To do this requires an understanding of the mechanisms by which 
abiotic and biotic stresses affect root growth.   
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4.1.4 Aims  
 
  Mutants defective in AHK5 were found to exhibit a wild-type sensitivity to the flg22 
peptide as assayed by seedling growth inhibition (see section 3.3.3).  Given the identified 
role for ethylene as a mediator of flg22-mediated whole seedling growth inhibition (see 
section 3.3.1) this was surprising as AHK5 is known to act as a negative regulator of 
ethylene-mediated growth inhibition (Iwama et al, 2007).  However, it is possible that AHK5, 
known to be highly expressed in roots (Desikan et al, 2008), may play a role in an ethylene 
and hence flg22-mediated signalling pathway that is specific to roots.  It was therefore set to 
determine whether this may be the case.   
 
4.2 Results 
 
4.2.1 Assessment of flg22 sensitivity in ahk5 roots 
 
   Root growth inhibition (RGI) in response to the flg22 peptide was analysed in wild type 
and ahk5 mutants.  Seedlings were grown vertically on flg22-supplemented media and 
primary root length measured following 7 days. In wild-type Columbia seedlings, a highly 
significant, approximately 20% reduction in primary root length from untreated control was 
observed following treatment with flg22 at a concentration of 100nM as illustrated in 
(Figure 4-2) below.  Similarly at higher flg22 concentrations of 250nM and 500nM, a close to 20% 
reduction in root length was observed thus suggesting that at a concentration of 100nM, 
RGI in response to flg22 is likely to be saturated.  Whilst at a flg22 concentration of 100nM 
root growth was inhibited by approximately 20% in wild-type Col-0 seedlings, root growth 
was inhibited by approximately 26% in the ahk5-1 mutant compared to its untreated control  
(Figure 4-2).  Whilst small, this difference was found to be highly significant (p=0.00086, 
Two-way ANOVA followed by Tukey’s post hoc test), being approximately a 40% increase in 
RGI when compared to the wild-type response.  A similar hypersensitivity to flg22 was 
observed in the ahk5-1 mutant at flg22 concentrations of 250 and 500nM.  Treatment with 
the inactive peptide flg22 A.tum at a concentration of 100nM was found to have no significant 
effect on root growth in either wild-type or mutant plants (Figure 4-2).
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A)                                                                        B)  
                                      
 
Figure 4-2 - RGI in Col-0 and ahk5-1 (Col) treated with various concentrations of the flg22 peptide  
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of flg22.  The plates were grown vertically for 7 days and root length 
measurements. Representative images of root grown in the absence (control) and presence of 100nM flg22 are shown in Figure A. Bars (Figure B) show the average root length expressed as a 
percentage of untreated control (Col-0 = 7.09 ±0.07cm, ahk5-1=6.76±0.08 cm** p<0.01)  ±SE of approximately 50 seedlings per treatment.  Different letters indicate statistically significant 
difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05). 
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  This finding suggests a role for AHK5 as a negative regulator of flg22-mediated RGI. RGI in 
response to flg22 was thus similarly analysed in the ahk5-3 mutant of the Wassilewskija 
background.  
   
  The Wassilewskija ecotype has been characterised as being flg22-insensitive (Gomez-
Gomez et al, 1999). Whilst the Ws/FLS2 complemented line showed a dramatic reduction 
(over 40%) in root length following treatment with the flg22 peptide (possibly explained by 
the enhanced ethylene sensitivity of the Ws ecotype as discussed in section 3.3.1), no 
significant reduction in root length was observed following flg22 treatment in either Ws-4 or 
ahk5-3 (Ws-4)(Figure 4-3). Thus similar to wild-type Ws-4, seedlings of the ahk5-3 mutant 
exhibit insensitivity to flg22 in roots as assessed by growth inhibition.    
 
 
 
 
 Figure 4-3 - Root growth response to flg22 in seedlings of Ws-4, ahk5-3(Ws-4) and Ws/FLS2 complemented line 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 or the inactive 
flg22 
A.tum
 .The plates were grown vertically for 7 days and root length measured. Bars show the average root length 
expressed as a percentage of untreated control (Ws-4 = 6.88±0.04cm, ahk5-3=7.44±0.02cm, Ws/FLS2=6.43cm±0.03cm) ±SE 
of approximately 50 seedlings per treatment. Different letters indicate statistically significant difference (Two-way ANOVA 
followed by Tukey's post hoc test, p < 0.05). 
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4.2.2 Assessment of ACC sensitivity in ahk5 roots 
 
 Given that the roots of ahk5-1 are known to be hypersensitive to the ethylene precursor 
ACC (Iwama et al, 2007) and exhibit hypersensitivity to the flg22 peptide (Figure 4-2) it was 
thought that similar to flg22-mediated seedling growth inhibition, RGI in response to flg22 
may be mediated via ethylene.  In order to verify the ACC sensitivity of ahk5 mutants, 
seedlings of the two independent T-DNA insertion lines ahk5-1 (Col-0) and ahk5-3 (Ws-4) 
were screened for ACC root sensitivity.   In wild-type Columbia seedlings root growth was 
inhibited by the presence of ACC in a dose-dependent manner (Figure 4-4).   ahk5-1 (Col-0) 
seedlings were found to have a similar sensitivity to wild-type Columbia at lower ACC 
concentrations of 50nM and 100nM.  However, at ACC concentrations of 1µM above, ahk5-
1 seedlings exhibited a marked ACC hypersensitivity (p<0.0001, Two-way ANOVA followed 
by Tukey’s post hoc test).  At an ACC concentration of 5µM at which the root length of wild-
type seedlings was found to be 35% that of untreated controls, the root length of ahk5-1 
seedlings was found to be inhibited by a further 15%.  A similar ACC root hypersensitivity 
was observed in seedlings of the ahk5-3 when compared to their wild-type Wassilewskija 
counterparts (Figure 4-5). 
Figure 4-4- RGI in response to ACC in seedlings of Col-0 and ahk5-1 (Col-0) 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
ACC as indicated.  The plates were grown vertically for 7 days and root length measured.  Bars show the average root 
length expressed as a percentage of untreated control (Col-0=7.69±0.01cm, ahk5-1=8.00±0.01cm** p<0.01) ±SE of 
approximately 50 seedlings per treatment.  Different letters indicate statistically significant difference (Two-way ANOVA 
followed by Tukey's post hoc test, p < 0.05). 
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Figure 4-5 - RGI in response to ACC in seedlings of Ws-4 and ahk5-3 (Ws-4) 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
ACC as indicated.  The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars 
show the average root length expressed as a percentage of untreated control (Ws-4 =6.74±0.06cm, ahk5-3=6.56±0.01cm) 
±SE of approximately 50 seedlings per treatment.  Different letters indicate statistically significant difference (Two-way 
ANOVA followed by Tukey's post hoc test, p < 0.05). 
 
4.2.3 Analysis of flg22-mediated RGI in ethylene-insensitive mutants 
 
 Given that the roots of ahk5-1 are known to be hypersensitive to the ethylene precursor 
ACC (Figure 4-4) (Iwama et al, 2007) and exhibit hypersensitivity to the flg22 peptide (Figure 
4-2) this would thus suggest a role for ethylene in mediating flg22-induced RGI.  This would 
not be surprising as our data suggests a role for ethylene in mediating whole-seedling 
growth inhibition in response to flg22 (see section 3.3.1).  In order to clarify the role of 
ethylene in flg22-mediated RGI, seedlings of the ethylene insensitive etr1-1 line were thus 
screened for flg22 root sensitivity.  Whilst root growth was inhibited by approximately 18% 
in wild-type seedlings, root growth was inhibited by only 13% in the mutant, this being 
approximately 25% less than wild-type, thus etr1-1 roots exhibit hyposensitivity to the flg22 
peptide (Figure 4-6).  A similar phenotype was observed for the ethylene-insensitive ein2-1 
mutant (Figure 4-7) defective in EIN2, a central downstream component of the ethylene 
signalling pathway.  This would thus suggest that flg22-mediated RGI may be dependent on 
ethylene signalling.  
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Figure 4-6 - RGI in wild-type Columbia seedlings and etr1-1 (Col) treated with flg22  
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 or the inactive 
flg22 
A.tum
 . The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars show the 
average root length expressed as a percentage of untreated control (Col-0=7.75±0.1cm, etr1-1=7.74±0.12cm) ±SE of 
approximately 50 seedlings per treatment. *P < 0.05 (t-test) versus Columbia.  
  
 
Figure 4-7 - RGI in wild-type Columbia seedlings and ein2-1 (Col) treated with  flg22  
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 or the inactive 
flg22 
A.tum
 . The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars show the 
average root length expressed as a percentage of untreated control (Col-0=7.19 ±0.1cm, ein2-1=8.68±0.11cm *** p<0.001 )  
±SE of approximately 50 seedlings per treatment. *P < 0.05 (t-test) versus Columbia.  
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4.2.4  Effect of the ethylene-biosynthesis inhibitor AIB on flg22-mediated RGI  
 
   In order to confirm the role of ethylene in mediating RGI, the effect of the ethylene 
biosynthesis inhibitor α-aminoisobutryic acid (AIB) on flg22-mediated root responses was 
assessed.  AIB is a structural analog of ACC and is known to be a competitive inhibitor of ACC 
oxidase, the enzyme which catalyses the final step in the ethylene biosynthesis pathway, the 
oxidation of ACC to ethylene (see Figure 1-11) (Satoh & Esashi, 1980).  AIB has been shown 
to competitively inhibit the conversion of ACC to ethylene in vivo (Fernández-Maculet & 
Yang, 1992).  Following preliminary dose-response analysis (data not shown), an AIB 
inhibitor concentration of 50µM was chosen.  At a concentration of 50µM, AIB treatment 
alone was found to have no significant effect on the root length of wild-type Columbia 
seedlings.  The activity of AIB at a concentration of 50µM was confirmed by treating 
seedlings concurrently with the ethylene precursor ACC and AIB. Treatment of wild-type 
seedlings with ACC at a concentration of 0.5µM resulted in close to 50% reduction in 
primary root length (Figure 4-8).  However, following concurrent treatment with both ACC 
and AIB, the ACC-induced RGI was largely reversed when compared to untreated controls or 
AIB alone, thus confirming the efficacy of AIB at this concentration (Figure 4-8). 
  
Figure 4-8 - RGI in Col-0 seedling treated with ACC in the absence or presence of AIB 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 in the absence 
or presence of 50µM AIB.  The plates were grown vertically for 7 days and root length measured.    Bars show the average 
root length expressed as a percentage of untreated control ±SE of approximately 50 seedlings per treatment.  Different 
letters indicated significant differences between treatment means as assessed by One-way ANOVA followed by Tukey’s 
post hoc test.  Shared letters indicated no significant difference. Control root length=8.14±0.13cm. 
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   Wild-type Columbia seedlings were therefore similarly treated concurrently with flg22 and 
50µM AIB and primary root length measured. As observed previously, significant root length 
reduction was observed following treatment of wild-type seedlings with the flg22 peptide 
(100nM) (Figure 4-9).  When treated concurrently with both flg22 (100nM) and AIB (50µM), 
a similar RGI was observed to that of plants treated with the flg22 peptide alone.  It would 
thus appear that treatment with AIB cannot reverse the flg22-mediated inhibition of root 
length hence suggesting that ACC oxidation leading to ethylene-biosynthesis is not required 
for flg22-mediated RGI. 
 
  
Figure 4-9 - RGI in Col-0 seedlings treated with flg22 (100nM) the absence/presence of AIB 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 in the absence 
or presence of 50µM AIB.  The plates were grown vertically for 7 days and root length measured. Bars show the average 
root length expressed as a percentage of untreated control ±SE of approximately 50 seedlings per treatment.  Different 
letters indicated significant differences between treatment means as assessed by one-Way ANOVA followed by Tukey’s 
post hoc test.  Shared letters indicated no significant difference. Control root length=7.97±0.18cm. 
 
    Interestingly however, a recent publication has suggested that ACC may exert an effect on 
primary root elongation in an ethylene-independent manner, as assayed by analysis of the 
length of individual epidermal root cells (Tsang et al, 2011).  
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4.2.5 Analysis of ACC-induced RGI in an ethylene-insensitive background 
 
  In order to determine whether ACC may exert an effect on macroscopic primary root 
length in an ethylene-independent manner, RGI in response to ACC was analysed in 
seedlings of the ethylene insensitive ein2-1 mutant.  In wild-type seedlings, root growth was 
inhibited in a dose-dependent manner in response to ACC treatment (Figure 4-10).  In 
contrast, at concentrations of ACC up to 1µM, seedlings of the ein2-1 mutant were found to 
be completely insensitive to ACC with root length similar to that of control treated seedlings 
(Figure 4-10).  However, when treated at a higher ACC concentration of 5µM, seedlings of 
the ein2-1 exhibited a significant 25% reduction in primary root length. This would thus 
suggest that at high concentrations, ACC can exert an effect on primary root length 
independent of ethylene perception.  
 
Figure 4-10 - RGI in response to ACC in seedlings of wild-type Columbia and ein2-1 (Col) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
ACC as indicated.  The plates were grown vertically for 7 days and root length measured.  Bars show the average root 
length expressed as a percentage of untreated control (Col-0=7.14±0.09cm, ein2-1=7.67±1.2cm ** p<0.01)  ±SE of 
approximately 50 seedlings per treatment.  Different letters indicate statistically significant difference (Two-way ANOVA 
followed by Tukey's post hoc test, p < 0.05). 
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4.2.6 Effect of the ACC-biosynthesis inhibitor AVG on flg22-mediated RGI 
 
  Having shown that ACC can affect primary root length in an ethylene-independent manner, 
it was therefore set to determine whether flg22-mediated RGI may be mediated via ACC.  
Wild-type seedlings were treated concurrently with flg22 and aminoethoxyvinylglycine 
(AVG).  AVG is a known inhibitor of ACC synthase, an enzyme essential for the conversion of 
the ACC precursor S-adenosyl-methionine (SAM) to ACC (see Figure 1-11) (Yang & Hoffman, 
1984).  Treatment of wild-type seedlings with AVG alone (100µM) alone had no significant 
effect on primary root length.  Following treatment with flg22 (100nM) a significant root 
length reduction was observed; however in the presence of AVG, this reduction was 
completely reversed with root length close to that of untreated control seedlings (Figure 
4-11).  It would thus appear that flg22-mediated RGI can be completely reversed in the 
presence of AVG.  
 
Figure 4-11 - RGI in Col-0 seedlings treated with flg22 (100nM) in the absence/presence of AVG 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 in the absence 
or presence of 100µM AVG.  The plates were grown vertically for 7 days and root length measured to the nearest 
millimetre. Bars show the average root length expressed as a percentage of untreated control ±SE of approximately 50  
seedlings per treatment.    Different letters indicated significant differences between treatment means as assessed by One-
way ANOVA followed by Tukey’s post hoc test .   Shared letters indicated no significant difference. Control root 
length=8.11±0.12cm 
 
  It could therefore be that flg22-mediated RGI may be mediated at least in part via an 
ethylene-independent, ACC-dependent pathway.  The observed hypersensitivity of ahk5-1 
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to high concentrations of ACC and flg22 would suggest that AHK5 may act as a downstream 
signalling component in this pathway.   
 
4.2.7 Assessment of ethylene sensitivity in ahk5 roots 
 
  Ethephon (2-chloroethylphosphonic acid) is a non-gaseous compound which decomposes 
to release ethylene gas following plant cell absorption (Cooke & Randall, 1968).  In order to 
establish the function of AHK5 in the ethylene signalling pathway the effect of ethephon on 
root growth was analysed in wild-type and ahk5-1 mutant seedlings. In wild-type plants 
ethephon was found to inhibit root length in a dose-dependent manner (Figure 4-12).  At 
lower ethephon concentrations of 5 to 25µM, ahk5-1 seedlings were found to have a root 
sensitivity similar to wild-type.  However at an ethephon concentration of 50µM at which 
root growth was inhibited by more than 50% in wild-type, ahk5-1 seedlings exhibited a 
marked hypersensitivity.  This was similar to as observed following ACC treatment (Figure 
4-4).  Thus AHK5 does not appear to be a unique component of an ethylene-independent 
ACC-dependent pathway but rather appears to act downstream of both ACC and ethylene to 
mediate RGI. 
 
Figure 4-12 - RGI in response to ethephon in seedlings of wild-type Col-0 and ahk5-1 (Col) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
ethephon as indicated.  The plates were grown vertically for 7 days and root length measured. Bars show the average root 
length expressed as a percentage of untreated control  (Col-0=7.74±0.08cm, ahk5-1=8.01±0.09 * p<0.05) ±SE of 
approximately 50  seedlings per treatment.  Different letters indicate statistically significant difference (Two-way ANOVA 
followed by Tukey's post hoc test, p < 0.05. 
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4.2.8 Assessment of flg22 sensitivity in etr1-7 roots 
 
   It has previously been shown that the etr1-7 mutant exhibits both shoot and root ACC and 
ethylene hypersensitivity (Cancel & Larsen, 2002).  In keeping with a role for ethylene in 
mediating growth inhibition, seedlings of the etr1-7 mutant were found to exhibit marked 
root growth hypersensitivity to the flg22 peptide with growth inhibition almost double that 
of wild-type Columbia (Figure 4-13).  The flg22 hypersensitivity observed in the etr1-7 was 
far more dramatic than that observed in the ahk5-1 mutant (Figure 4-2). 
  
 
Figure 4-13 - Root growth response to flg22 in seedlings of in seedlings of wild-type Col-0 and etr1-7 (Col-0) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 or the inactive 
flg22 
A.tum
 . The plates were grown vertically for 7 days and root length measured to the nearest millimetre. Bars show the 
average root length expressed as a percentage of untreated controls (Col-0=7.33±0.12cm, etr1-7=7.13±0.1cm) ±SE of 
approximately 50 seedlings per treatment. *** p<0.001 
 
Analysis of ACC root sensitivity in the etr1-7 revealed that, similarly to ahk5 mutants, etr1-7 
mutant exhibit hypersensitivity to ACC at concentrations of ACC at which root growth is 
inhibited by over 50% (Figure 4-14).  This hypersensitivity to ACC may account in part for the 
dramatic root hypersensitivity observed in the etr1-7 mutant although why hypersensitivity 
to flg22 is more dramatic in the etr1-7 mutant than ahk5-1 remains to be determined.  
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 Figure 4-14- RGI in response to ACC in seedlings of wild-type Col-0 and etr1-7 (Col) 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
ACC as indicated.  The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars 
show the average root length expressed as a percentage of untreated control (Col-0=7.56±0.12cm, etr1-7=7.01±0.09cm 
*** p<0.001 ) ±SE of approximately 50 seedlings per treatment.  Different letters indicate statistically significant difference 
(Two-way ANOVA followed by Tukey's post hoc test, p < 0.05. 
 
4.2.9 Analysis of root H2O2 sensitivity in mutants with altered flg22 sensitivity 
 
  It has been shown that the effect of ACC on root elongation is mediated by ROS dependent 
cross-linking of cell wall components (De Cnodder et al, 2005).  Having identified a role for 
ACC in flg22-mediated RGI, this would suggest that ROS may also act as a downstream 
intermediate in flg22-mediated RGI.  As discussed in section 3.3.2 , a role for ROS production 
in mediating flg22-mediated seedling growth inhibition was observed thus this could 
similarly be the case in roots.  The ETR1 receptor has been shown to play a prominent role 
in ROS sensing in stomatal guard cells (Desikan et al, 2005).  We there hypothesised that the 
etr1-7 hypersensitivity to flg22 could be explained by differential sensitivity to flg22-
mediated H2O2.  However despite exhibiting dramatic hypersensitivity to flg22 (Figure 4-13) 
etr1-7 mutants were found to exhibit a wild-type root sensitivity to exogenously applied 
H2O2 (Figure 4-15), thereby dissociating H2O2 sensitivity from flg22-mediated RGI via ETR1.   
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Figure 4-15 - RGI in response to exogenously applied H2O2 in seedlings of Col-0 and etr1-7 (Col) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
H2O2 as indicated.  The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars 
show the average root length expressed as a percentage of untreated control (Col-0=7.75±0.14cm, etr1-7=7.02±0.1cm*** 
p<0.001) ±SE of approximately 50 seedlings per treatment.  Different letters indicate statistically significant difference 
(Two-way ANOVA followed by Tukey's post hoc test, p < 0.05). 
 
  Interestingly however, the root growth elongation assay revealed that ahk5-1 mutants 
exhibit significant hypersensitivity to exogenously applied H2O2.  At H2O2 concentrations 
between 500µM and 1mM, root growth in the ahk5-1 was found to be inhibited by a further 
15-20% when compared to wild-type seedlings (Figure 4-16).  This would thus implicate a 
role for AHK5 in the control of H2O2-regulated root growth.  Surprisingly, the converse was 
observed in seedlings of the ahk5-3 mutant. Seedlings of the ahk5-3 (Ws-4) mutants 
exhibited hyposensitivity to H2O2 with root growth inhibited by 10-20% less than in wild-
type Wassilewskija seedlings (Figure 4-17).  This is a surprising result given that the two 
ahk5 mutants exhibited a similar root hypersensitivity to ACC (Figure 4-4 and Figure 4-5).  
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Figure 4-16 - RGI in response to exogenously applied H2O2 in seedlings of Col-0 and ahk5-1(Col) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
H2O2 as indicated.  The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars 
show the average root length expressed as a percentage of untreated control (Col-0=7.71±0.16cm, ahk5-1=6.9±0.15cm *** 
p<0.001) ±SE of approximately 50 seedlings per treatment. Different letters indicate statistically significant difference 
(Two-way ANOVA followed by Tukey's post hoc test, p < 0.05). 
 
Figure 4-17 - RGI in response to exogenously applied H2O2 in seedlings of Ws-4 and ahk5-3 (Ws-4) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
H2O2 as indicated.  The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars 
show the average root length expressed as a percentage of untreated control (Ws-4=7.56±0.23cm, ahk5-
3=6.81±0.24cm*** p<0.05) ±SE of approximately 50  seedlings per treatment. Different letters indicate statistically 
significant difference (Two-way ANOVA followed by Tukey's post hoc test, p < 0.05). 
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4.2.10 Role of RBOH-induced ROS production in flg22-mediated RGI 
 
  In order to clarify the role of ROS in flg22-mediated RGI, RGI was analysed in the AtrbohD 
mutant.  Despite the previously identified role for ATBROHD-derived ROS in mediating flg22-
mediated whole seedling growth inhibition (see Figure 3-15), AtrbohD seedlings were found 
to exhibit a wild-type sensitivity to flg22 in roots (Figure 4-18).  A flg22 sensitivity similar to 
wild-type was also observed in AtrbohF and the AtrbohD/F double mutant (Figure 4-19 and 
Figure 4-20).  Seedlings defective in ATRBOHC, required for ROS mediated root hair growth 
(Foreman et al, 2003) were also found to exhibit a wild-type root sensitivity to the flg22 
peptide (Figure 4-21). 
 
Figure 4-18 - Root growth response to flg22 in seedlings of Col-0 and AtrbohD (Col-0) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 or the inactive 
flg22 
A.tum
 .The plates were grown vertically for 7 days and root length measured. Bars show the average root length 
expressed as a percentage of untreated control (Col-0=7.69±0.15cm, AtrbohD =7.73±0.14cm) ±SE of approximately 50 
seedlings per treatment. 
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Figure 4-19 - Root growth response to flg22 in seedlings of Col-0 and AtrbohF (Col-0) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 or the inactive 
flg22 
A.tum
 .The plates were grown vertically for 7 days and root length measured. Bars show the average root length 
expressed as a percentage of untreated control (Col-0 =7.81±0.16cm, AtrbohF=8.28±0.19cm) ±SE of approximately 50 
seedlings per treatment. Different letters indicate statistically significant difference (Two-way ANOVA followed by Tukey's 
post hoc test, p < 0.05. 
 
 
Figure 4-20 - Root growth response to flg22 in seedlings of Col-0 and AtrbohD/F (Col-0) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 or the inactive 
flg22 
A.tum
 .The plates were grown vertically for 7 days and root length measured. Bars show the average root length 
expressed as a percentage of untreated control (Col-0=7.78±0.14cm, AtrbohD/F =6.8±0.22cm *** p< 0.001) ±SE of 
approximately 50 seedlings per treatment. 
0
20
40
60
80
100
120
Control flg22 100nM flg22 A.tum 100nM
R
o
o
t 
Le
n
gt
h
 a
s 
P
e
rc
e
n
ta
ge
 o
f 
C
o
n
tr
o
l (
%
) 
Col
atrbohF
50
60
70
80
90
100
110
Control flg22 100nM flg22 A. tum 100nM
R
o
o
t 
Le
n
gt
h
 a
s 
a 
P
e
rc
e
n
ta
ge
 o
f 
C
o
n
tr
o
l (
%
) 
Col
atrbohD/F
Col-0 
AtrbohD/F 
Col-0 
AtrbohF 
136 
 
 
 
Figure 4-21 - Root growth response to flg22 in seedling of Col-0 and AtrbohC (Col-0)  
 Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 or the inactive 
flg22 
A.tum
 .The plates were grown vertically for 7 days and root length measured. Bars show the average root length 
expressed as a percentage of untreated control (Col-0=8.4cm, AtrbohC =8.6cm) ±SE of approximately 50 seedlings per 
treatment.  
 
4.2.11 Analysis of flg22-mediated changes in ROS levels  
 
In order to clarify the role of ROS in flg22-mediated root growth inhibition we set to 
determine whether as in aerial plant tissues (Mersmann et al, 2010), flg22 may mediate ROS 
production in root tissues. ROS levels following flg22 treatment were assessed using the 
oxidatively sensitive fluorophore carboxy- 2’,7’- dichlorodihydrofluorescein diacetate 
(carboxy-H2DCFDA, Invitrogen). The non-fluorescent compound DCFH enters plants cells and 
reacts with H2O2, generating the fluorescent compound DCF (Bass et al, 1983). This 
fluorescence can be visualised in planta via confocal microscopy. DCFH can thus be used as a 
specific indicator of H2O2 formation. Whole seedlings were treated in liquid culture with 
flg22 for 20 minutes and DCF fluorescence visualised in root tissues. Despite detecting 
fluorescence accounted for by basal ROS production, no obvious or consistent change in 
fluorescence could be detected in flg22-treated roots as compared to those of the 
untreated control (Figure 4-22).  This would thus suggest that flg22 does not induce 
detectable levels of H2O2 production in roots for the time period tested. 
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Figure 4-22 - Detection of ROS in flg22 treated root using the fluorescein dye C-H2DCFDA              
                                                                                                                                                                                                                                                                                                                                                                                     
Wild-type Columbia seedlings were grown for 5 days on MS agar.  Seedlings were transferred to liquid MS and loaded with 10µM carboxy-H2DCFDA for 30 minutes.  The seedlings were then 
transferred to fresh MS media (control) or MS media supplemented wtih flg22 (1µM) for 20 minutes. A number of representative images are shown. ROS-associated fluorescence (green) was 
detected in the root tip via confocal microscopy.   The experiment was repeated twice with similar results. Scale bar = 100µm
  
 
        Control  
 
 
 
 
     Flg22 1µM 
     20 minutes    
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4.2.12 Role of nitric oxide in flg22-mediated RGI 
 
  Similar to H2O2, gaseous nitric oxide (NO) has been shown to function as a stress signal in 
plants (Neill et al, 2002b).  We therefore hypothesised that NO may similarly act as an 
intermediate in flg22-mediated RGI.  In order to test this hypothesis seedlings were treated 
concurrently with flg22 and the NO scavenger cPTIO (2-(4-carboxypheny-4,4,5,5-
tetramethylimidazoline-1-1oxyl-3-oxide). cPTIO is widely used as an effective NO scavenger 
owing to its high specificity and stoichiometric reactions with NO (Akaike & Maeda, 1996). 
At a concentration of 50µM, cPTIO alone had no effect on root growth when compared to 
untreated control. In response to 100nM flg22, root growth was observed to be inhibited by 
over 20%.  However, when grown in the presence of both 100nM flg22 and 50µM cPTIO, 
root growth was inhibited by close to 40% (Figure 4-23), this being significantly more than 
when treated with flg22 alone.  
 
Figure 4-23 - RGI in Col-0 seedlings treated with flg22 in the absence/presence of cPTIO  
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 in the absence 
or presence of 50µM cPTIO.  The plates were grown vertically for 7 days and root length measured to the nearest 
millimetre. Bars show the average root length expressed as a percentage of untreated control ±SE of approximately 50 
seedlings per treatment.    Different letters indicate significant differences between treatment means as assessed by One-
way ANOVA followed by Tukey’s post hoc test.   Shared letters indicate no significant difference. Control root 
length=7.3±0.13cm. 
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  Several enzymatic sources of NO production have been identified in plants, one major 
source being NADPH-nitrate reductase (NR) which catalyses the conversion of nitrite to NO 
(Rockel et al, 2002).  In Arabidopsis, NR is encoded by two genes, NIA1 and NIA2.  Seedlings 
of nia1nia2 mutant were screened for flg22 root sensitivity.  In keeping with the 
pharmacological data with cPTIO, seedlings of nia1nia2 exhibited a hypersensitivity to flg22 
with RGI enhanced by approximately 20% when compared to wild-type (Figure 4-24).  These 
data would thus suggest that NO does indeed act as a downstream intermediate in flg22 
signalling, acting as a negative regulator of flg22-mediated RGI.   
 
Figure 4-24 - RGI in wild-type Columbia seedlings and nia1nia2 (Col) treated with flg22  
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing 100nM flg22 or the inactive 
flg22 
A.tum
 . The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars show the 
average root length as a percentage of untreated control (Col=7.93±0.17cm, nia1nia2=6.06±0.3cm *** p< 0.001) ±SE of 
approximately 50 seedlings per treatment  ***P < 0.001 (t-test) versus Columbia.  
  
 
 
 
It was therefore set to determine whether treatment with flg22 may modulate levels of NO 
in root tissues. 
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4.2.13 Assessment of flg22-mediated changes in NO level 
 
    NO levels were monitored in roots using the fluorescein dye DAF-FM-DA 
(diaminofluorescein-FM diacetate), a cell permeable fluorescent probe for the detection of 
NO.  DAF-FM contains an aromatic vicinal diamine that undergoes conversion to its 
fluorescent triazole derivate in the presence of NO (Nagano et al, 1995).  This dye is known 
to be highly specific and does not react with commonly encountered reactive oxygen 
species (Kojima et al, 1998).  Roots of wild-type seedlings were treated in liquid culture with 
the flg22 (1µM) for 30 minutes and DAF-FM fluorescence analysed via confocal microscopy.  
As a positive control, H2O2 (100µM) was used as an inducer as it has previously been shown 
to elicit strong NO accumulation in wild-type Arabidopsis roots (Wang et al, 2010b).  The 
NO-associated green fluorescence in the root tip was clearly increased from basal control 
levels following treatment with H2O2, however following 30 minutes of treatment with flg22, 
no obvious change in fluorescence levels could be observed when compared to untreated 
control seedlings (Figure 4-25).  This would suggest that NO levels are not modulated in 
response to flg22 within the timeframe observed or that the change is insufficient to detect 
via fluorescence microscopy using DAF-FM-DA.  
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Figure 4-25 - Detection of NO in flg22 treated roots using the fluorescein dye DAF-FM-DA                    
                                                                                                                                                                  
Wild-type Col-0 seedlings were grown for 5 days on MS agar.  Seedlings were then transferred to liquid MS and loaded with 10µM DAF-FM-DA for 10 minutes.  The seedlings were then 
transferred to fresh MS media (control) and or MS media supplemented with H2O2 (100µM) or flg22 (1µM) for 30 minutes.  NO-associated fluorescence (green) was detected in the root tip 
via confocal microscopy.   Scale bar = 100µm.
                Control         1µM flg22                            100µM H2O2 (+ve control)      
        Bright field                      Fluorescence                      Bright field                                   Fluorescence                                     Bright field                                Fluorescence 
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4.2.14 Analysis of root NO sensitivity in mutants with altered flg22 sensitivity 
 
  Having identified a role for NO in mediating flg22-mediated RGI, roots of the flg22-
hypersensitive ahk5-1 and etr1-7 mutant were screened for sensitivity to the exogenous NO 
donor sodium nitroprusside (SNP).  Despite hypersensitivity to flg22, both mutants were 
found to exhibit a wild-type sensitivity to SNP (Figure 4-27).  This would thus suggest that 
the flg22-hypersensitivity of the ahk5-1 and etr1-7 mutants is not likely a consequence of 
altered sensitivity to NO.    
 
 
Figure 4-26 - RGI in response to the nitric oxide donor SNP in seedlings of wild-type Col-0 and etr1-7 (Col) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
SNP as indicated.  The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars 
show the average root length expressed as a percentage of untreated control (Col=7.56±0.12cm, etr1-7=7.01±0.09cm *** 
p< 0.001) ±SE of approximately 50 seedlings per treatment. Different letters indicate statistically significant difference 
(Two-way ANOVA followed by Tukey's post hoc test, p < 0.05). 
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Figure 4-27 - RGI in response to the nitric oxide donor SNP in seedlings of wild-type Col-0 and ahk5-1(Col) 
 
Following germination seedlings were transferred to fresh 0.5% Phytagel MS plates containing various concentrations of 
SNP as indicated.  The plates were grown vertically for 7 days and root length measured to the nearest millimetre.  Bars 
show the average root length expressed as a percentage of untreated control (Col-0=7.67±0.13cm, ahk5-1=7.63±0.14cm)  
±SE of approximately 50 seedlings per treatment.  Different letters indicate statistically significant difference (Two-way 
ANOVA followed by Tukey's post hoc test, p < 0.05). 
  
4.2.15 Visualisation of auxin distribution following flg22 treatment 
 
     The enhancement of flg22-mediated RGI inhibition in the presence of the NO scavenger 
cPTIO (Figure 4-23) and in the nia1nia2 mutant defective in NR mediated NO production 
(Figure 4-24) suggests that NO may be a key signalling intermediate in flg22-mediated RGI.   
NO has previously been shown to regulate primary root growth by modulating polar auxin 
transport (Fernández-Marcos et al, 2011).  Auxin is also thought to act as a downstream 
intermediate in both ACC and ethylene mediated root growth inhibition (Stepanova et al, 
2007; Tsang et al, 2011).  Having identified a role for both ACC and NO in flg22-mediated 
growth inhibition we hypothesised that flg22-mediated RGI inhibition may be auxin-
dependent.   
 
    Auxin distribution was thus analysed using transgenic plants expressing the synthetic 
auxin-responsive promoter fusion DR5::GUS construct (Ulmasov et al, 1997).  β-
glucuronidase (GUS) enzyme activity can be localised using the histochemical substrate X-
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gluc. The colourless substrate X-Gluc is cleaved by the GUS enzyme to produce a dark blue 
pigment. The DR5::GUS reporter gene can thus be used to visualise auxin localisation in root 
tissues in a semi-quantitative manner.  Wild-type Columbia seedlings were treated in liquid 
culture with the synthetic auxin naphthaleneacetic acid (NAA) or the flg22 peptide (1µM) for 
6 or 24 hours.  In untreated control seedlings DR5::GUS expression was restricted to the 
root tip.  Maximum GUS expression was detected in the columella root cap and the 
QC/initial cells as shown in Figure 4-28.   Treatment with the membrane-permeable auxin 
NAA (1µM) for six hours induced strong GUS staining in most root cell types, including 
epidermal and cortical cell layers and in the stele, thus confirming the auxin responsiveness 
of the DR5 promoter (Figure 4-28).  Following flg22 treatment for 6 or 24 hours, no 
significant changes in the intensity or localisation of staining could be observed at the root 
tip (Figure 4-28). 
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Figure 4-28 - DR5:GUS expression in the root tip of  7 day old seedlings as detected by GUS staining          
Representative images showing DR5:GUS expression (blue staining) in the root tip of  control and treated seedlings as indicated. Scale bar =100µm
 
         Control
  
 
      
 
NAA 1µM  
   6 hours 
flg22 1µM  
   6 hours 
flg22 1µM 
    24hrs 
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It was however noticed on closer examination that in seedlings treated with flg22 for 24 
hours, there was enhanced GUS staining in the stele and the staining extended to the 
elongation zone as shown in Figure 4-29.  In contrast, in control seedlings, GUS staining in the 
stele was minimal with no staining detected in the elongation zone.  This suggests that 
following 24 hours treatment with flg22, there appears to be a redistribution of auxin to the 
stellar regions and elongation zone of the root.  
             
              
 
Figure 4-29 - DR5:GUS expression in roots of control and flg22 treated seedlings as detected by GUS staining 
Representative images showing DR5:GUS expression in control or flg22 treated seedlings. Arrows indicate GUS staining 
detected in the stele region of the elongation zone of flg22 treated seedlings.   Scale bar =100µm                                                        
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4.2.16  Results Summary 
 
 
- The ethylene-insensitive etr1-1 and ein2-1 mutant exhibit reduced flg22-induced 
RGI.  
 
- Inhibitor analysis suggests that whilst ACC biosynthesis is required for flg22-
mediated RGI, the conversion of ACC to ethylene is not. 
 
- ACC can mediate RGI at high concentrations in the ethylene-insensitive ein2-1 
mutant. 
 
- ahk5-1 mutants exhibit root hypersensitivity to ACC, H2O2 and to flg22. 
 
- etr1-7 mutants exhibit root hypersensitivity to ACC and flg22.  
 
- Flg22-mediated RGI does not require ATRBOH isoforms C, D of F. 
 
- Flg22-mediated RGI is enhanced in nia1nia2 mutant and in the presence of the NO 
scavenger cPTIO. 
 
- No detectable change in either flg22-mediated root ROS or NO levels could be 
detected by fluorometric confocal microscopy. 
 
- Flg22 mediates a redistribution of auxin to the stele as detected using the synthetic 
auxin-responsive promoter fusion DR5::GUS. 
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4.3 Discussion 
 
4.3.1 AHK5 acts as a negative regulator of flg22-mediated RGI 
 
  AHK5 is known to be highly expressed in root tissue (Desikan et al, 2008).  Flg22-mediated 
RGI was therefore analysed in seedlings of wild-type and ahk5 mutant plants.  When 
compared to their wild-type Columbia counterparts, seedlings of the ahk5-1 (Col-0) mutant 
were found to exhibit significant root hypersensitivity to the flg22 peptide at all peptide 
concentrations (Figure 4-2).  However, like their wild-type Ws-4 counterparts, seedlings of 
the ahk5-3 (Ws-4) mutant were found to exhibit flg22-mediated root growth insensitivity 
(Figure 4-3).  This would thus suggest that in the presence of a functional FLS2-mediated 
signalling pathway, AHK5 acts as a negative regulator of flg22-mediated RGI.    
 
4.3.2 Ethylene biosynthesis is not required for flg22-mediated RGI 
 
  The analysis of hormone-mediated inhibitory effects on root elongation by Iwama et al 
revealed that ahk5 -1 mutants exhibit hypersensitivity to ACC (Iwama et al, 2007). This 
finding suggests that AHK5 likely plays an inhibitory role in a signalling pathway by which 
ACC acts to inhibit root length.  This phenotype was verified and ACC hypersensitivity 
similarly demonstrated in seedlings of the independent ahk5-3 T-DNA insertion line in the 
Ws-4 background (Figure 4-4 and Figure 4-5).  Given that the roots of ahk5-1 are known to 
be hypersensitive to the ethylene precursor ACC (Figure 4-4)(Iwama et al, 2007) and exhibit 
hypersensitivity to the flg22 peptide (Figure 4-2), it was postulated that as with seedling 
fresh weight, RGI in response to flg22 may be mediated via flg22-mediated ethylene.  This 
would not be surprising as exogenous application of ethylene is known to be root growth 
inhibitory (Dolan, 1997).  The ethylene-precursor ACC has been shown to exert its inhibitory 
effect on primary root length by a rapid down-regulation of cell elongation (Le et al, 2001). 
Ethylene effect on mature root cell length was shown to be a consequence of both reduced 
elongation rate and a reduction in the size of the elongation zone (Swarup et al, 2007).   
Ethylene evolution is thought to contribute to the inhibition of root growth in response to a 
number of stresses including aluminium (Sun et al, 2007) and potassium deprivation (Jung et 
al, 2009).   Consequently, seedlings of the dominant gain-of-function ethylene-insensitive 
etr1-1 mutant were screened for flg22 root sensitivity.  Roots of the etr1-1 mutant were 
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found to exhibit flg22 root hyposensitivity with root growth inhibited by approximately 25% 
less than in wild-type seedlings (Figure 4-6).  A similar phenotype was observed in seedlings 
of the ein2-1 (Figure 4-7) mutant suggesting that ethylene-mediated signal transduction is 
required for flg22 mediated RGI.  Interestingly however, treatment with AIB, a known 
inhibitor of the ethylene biosynthetic enzyme ACC oxidase was found to have no significant 
effect on flg22-mediated RGI (Figure 4-9).  This would thus suggest that flg22-mediated RGI 
can occur independently of ethylene biosynthesis, or more specifically, independently of the 
oxidation of ACC. 
 
  The AIB result conflicts with the observation that ethylene-mediated signal transduction 
(via ETR1/EIN2) is required for flg22-mediated RGI (Figure 4-6 and Figure 4-7).  Flg22 is 
known to induce ethylene biosynthesis in seedlings (Dunning et al, 2007; Navarro et al, 
2004)  although biosynthesis has not been demonstrated exclusively in root tissue.  It could 
be that in root tissues, flg22 modulates downstream ethylene-signalling independently of 
ethylene biosynthesis however the mechanisms by which this might be achieved remain 
unknown.  As discussed in section 3.3.1 we have identified a role for ethylene perception as 
a requirement for flg22-mediated whole seedling growth inhibition. As sink organs, roots 
are reliant on a continuous supply of assimilate from the shoot for growth (Enquist & Niklas, 
2002).  It could be that the observed hyposensitivity to flg22 observed in etr1-1 and ein2-1 
in roots is an indirect consequence of flg22 insensitivity in photosynthetic aerial parts of the 
plant.  This however remains to be clarified.  
 
4.3.3 ACC may act to regulate flg22-mediated RGI independent of its conversion to 
ethylene 
 
  AVG is a known inhibitor of ACC synthase, an enzyme essential for the conversion of the 
ACC precursor S-adenosyl-methionine (SAM) to ACC (Yang & Hoffman, 1984), the first 
committed step in ethylene biosynthesis. AVG has been shown to block conversion of SAM 
to ACC in vivo (Adams & Yang, 1976).  Following concurrent treatment with AVG and flg22, 
flg22-mediated growth inhibition was found to be completely blocked (Figure 4-11).  This 
would suggest that whilst ethylene biosynthesis is not required for flg22-mediated growth 
inhibition, ACC biosynthesis is.  This result would be in part consistent with the recent 
observations of Tsang et al (2011). 
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   Mature cell size can be estimated by the cell length at which root hairs initiate (the length 
of the first  epidermal cell with visible root hair bulge or LEH) (Le et al, 2001). The formation 
of a root hair bulge is taken to act as a marker for the termination of elongation and switch 
to differentiation.  Following seedling growth on medium containing ACC, the value of the 
LEH is reduced in a dose-dependent manner (Le et al, 2001).  Tsang and colleagues 
demonstrated that whilst both ACC and ethephon could reduce the LEH, the ACC-induced 
reduction could not be completely reversed with silver thiosulfate, a compound commonly 
used to block the action of ethylene (Tsang et al, 2011).  They thus proposed that ACC can 
influence root cell elongation independent of its conversion to ethylene.  Interestingly 
however, Tsang et al examined macroscopic root responses in seedlings of the ethylene 
insensitive ein3 eil1 seedlings and saw no reduction in primary root length following ACC 
treatment, despite a significant reduction in the LEH.  They thus proposed that whilst ACC 
may have a short-term ethylene-independent influence on rapid root cell elongation, long-
term growth responses require conversion of ACC to ethylene. This is a perhaps a surprising 
conclusion as the LEH has been shown to tightly correlate with primary root length 
measurement (Le et al, 2001).  This conclusion is inconsistent with our observation of an 
ACC-dependent reduction in primary root length in the ethylene-insensitive ein2-1 mutant 
(Figure 4-10), previously shown to exhibit root insensitivity to exogenously applied ethylene 
gas, even at concentrations at which wild-type responses were found to saturate (Chen & 
Bleecker, 1995).  Although not noted by the authors, it has similarly been shown that etr1-1 
seedlings can exhibit a significant reduction in root length following treatment with 
concentrations of ACC above 1µM (Iwama et al, 2007), despite a similar insensitivity to 
ethylene at saturating concentrations (Chen & Bleecker, 1995).  This would thus suggest that 
at high concentration, ACC can exert an effect on primary root length independent of its 
conversion to ethylene.  It was noted that whilst the LEH measurements of Tsang et al 
appear to have been carried out on light grown seedlings, the ACC effect on primary root 
length in ein3 eil1 seedlings was carried out on etiolated dark-grown seedlings (Tsang et al, 
2011) where ethylene responses may differ (Smalle et al, 1997).   In addition measurement 
was made following 4-5 days exposure to ACC which may be insufficient time in which to 
see a measurable difference in the primary root length of dark-grown seedlings. In contrast 
our observations were made in light-grown seedlings following 7 days. 
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     Several other pieces of evidence have also suggested ACC may act as a signal in its own 
right.  The Arabidopsis genome is known to contain nine ACS genes (ACS1-9) (Tsuchisaka et 
al, 2009).  Octuple ACS mutants were found to confer embryonic lethality whilst mutants 
defective in ethylene-perception and or signalling are viable. It was thus proposed that ACC 
may act in an ethylene independent manner as a primary plant growth regulator required 
for embryonic development (Tsuchisaka et al, 2009).   It has also previously been proposed 
that ACC may be a primary mediator of cell expansion.  The Arabidopsis fei1 fei2 double 
mutant, defective in two receptor-like kinases FEI1 and FEI2, displays short, radially swollen 
roots as consequence of disrupted cell expansion (Xu et al, 2008).  Aminooxyacetic Acid 
(AOA), an inhibitor of ACS, was found to revert the fei1 fei2 swollen root phenotype; 
however the fei phenotype could not be reversed by blocking ethylene perception (Xu et al, 
2008). The FEI proteins were subsequently shown via yeast-2-hybrid to interact directly with 
ACS5 and ACS9 (Xu et al, 2008).   The authors thus proposed that the FEI proteins may 
regulate cell expansion independently of ethylene via ACC-mediated signalling.  Interestingly 
flg22-treatment has been shown to mediate the MPK6-dependent phosphorylation of ACS6 
within 15 minutes (Liu & Zhang, 2004).  This phosphorylation was shown to increase the 
stability of the ACS proteins in vivo, resulting in elevated levels of ACS activity and 
subsequent increase in ethylene production in seedlings (Liu & Zhang, 2004).  Such ethylene 
production is likely to be preceded by a rapid increase in ACC.  It could be that this ACC may 
act as a mediator of flg22-mediated RGI (Figure 4-11) acting as a shortcut to ethylene 
responses.  Thus when conversion to ethylene is blocked (as following AIB treatment) RGI 
can still occur via the ethylene-independent, ACC-dependent pathway as illustrated in 
Figure 4-30. 
 
 
   
 
 
 
 
Figure 4-30 - Possible mechanisms for the control of flg22-mediated RGI by ACC and ethylene 
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   It should be noted that the contribution of ACC and ethylene to flg22-mediated RGI in the 
absence of AIB remains to be clarified. However, the seedlings of the etr1-7 mutant shown 
to be hypersensitive to ACC (Figure 4-14) were similarly found to exhibit hypersensitivity to 
the flg22 peptide (Figure 4-13).  This altered ACC/ethylene sensitivity is thought to be 
caused by the loss of the ETR1 ethylene receptor, known to play a prominent role in 
repressing ethylene responses (Cancel & Larsen, 2002).  The shift in ACC and hence flg22 
sensitivity in the etr1-7 mutant is therefore likely consequence of a shift in ethylene 
sensitivity rather than shift in sensitivity to ACC itself.  It would therefore appear that whilst 
the conversion of ACC to ethylene is not a requirement for flg22-mediated growth 
inhibition, ethylene produced in response to flg22 can still exert an effect on primary root 
growth.  Analysis of RGI in the ein2-1 mutant would however suggest that ACC can only 
exert its effect on root growth independent of ethylene when present at high 
concentrations (Figure 4-10).  Whether such concentrations of ACC are achieved locally in 
roots following flg22 treatment remains unknown. This would in part depend on the efficacy 
of ACC oxidation to ethylene in root tissues.  It could therefore be that following flg22 
treatment root ACC oxidase activity is kept low allowing ACC to act independent of its 
conversion to ethylene.  This would in part depend on the efficacy of ACC oxidation to 
ethylene in root tissues.  The Arabidopsis genome contains six genes with ACC oxidase 
activity (Gómez-Lim et al, 1993).  Evidence from other plant species suggests that ACC 
oxidases exist as organ specific isoenzymes with differential activity and stimulus-specific 
gene expression (Barry et al, 1996; Finlayson et al, 1997).  It could therefore be that 
following flg22 treatment root ACC oxidase activity is kept low allowing ACC to act 
independent of its conversion to ethylene.  This may confer advantage by allowing ethylene 
responses to proceed rapidly without the requirement for ethylene gas synthesis.  
 
4.3.4  AHK5 acts in root specific pathway downstream of both ACC and ethylene 
 
  Interestingly it was noted by Iwama and colleagues that whilst ahk5 mutants exhibit root 
hypersensitivity to ACC, they exhibit a wild-type response to gaseous ethylene as judged on 
the basis of hypocotyl elongation in the triple response assay (Iwama et al, 2007).  It was 
therefore postulated that AHK5 may be a specific requirement for ACC-mediated RGI.  It was 
thus set to determine the root sensitivity of ahk5-1 mutants to exogenously applied 
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ethylene.  Ethephon (2-chloroethylphosphonic acid) is a widely used chemical replacement 
for ethylene treatment in many physiological studies.  This compound rapidly decomposes 
in solution to release ethylene gas in an ACC-independent manner (Cooke & Randall, 1968).  
Similar to ACC, roots of the ahk5-1 mutant were found to exhibit hypersensitivity to 
ethephon (Figure 4-12).  Thus it would appear that AHK5 is not a unique component of an 
ethylene-independent ACC-dependent pathway but rather acts downstream of both ACC 
and ethylene to mediate RGI.   Given the identified role for both ACC and ethylene in flg22 
mediated RGI inhibition it is probable that the ahk5-1 mutant exhibits hypersensitivity to 
flg22 as a consequence of its hypersensitivity to ACC and/or ethylene.  
 
4.3.5 Flg22-mediated RGI appears to be independent of ATRBOH C, D and F induced ROS  
 
    As previously mentioned, De Cnodder et al have shown that the effect of ACC on root 
elongation is mediated by ROS dependent cross-linking of cell wall components thus 
preventing cell expansion (De Cnodder et al, 2005).  Having identified a role for ACC in flg22-
mediated RGI, this would suggest that ROS may also act as a downstream intermediate in 
flg22-mediated RGI. Given the role for ATRBOHD-mediated ROS production in seedling 
growth inhibition (as discussed in section 3.3.2) this would seem likely.  However, whilst 
AtrbohD transcript is known to be highly expressed in root tissue (Torres et al, 2002) flg22-
mediated RGI was found to be independent of ATRBOHD function (Figure 4-18).  This 
suggests a differential requirement for ATRBOHD-induced ROS in roots and aerial plant 
tissues.   
 
     Both ATRBOHF and ATRBOHC have been shown to be required for RGI in response to 
exogenous ABA (Bai et al, 2007; Kwak et al, 2003).  Although flg22-mediated root growth 
has been shown to be ABA-independent (Zeng & He, 2010), this data suggest that ROS 
produced via both ATRBOHF  and ATRBOHC  can act to mediate RGI in response to 
exogenous stimuli.  ATRBOHC  is known to be required for cell elongation during root-hair 
growth (Foreman et al, 2003) and its transcript is rapidly up-regulated following flg22-
treatment (Denoux et al, 2008).  Flg22-mediated RGI was therefore similarly analysed in 
mutants of both AtrbohF and AtrbohC.  Both mutants were however shown to exhibit wild-
type flg22 root sensitivity (Figure 4-19 and Figure 4-21).  As ATRBOHD and ATRBOHF have 
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been shown to function redundantly in guard cells (Kwak et al, 2003), seedlings of the 
double mutant AtrbohD/F were also screened and similarly found to show a wild-type flg22 
sensitivity in roots (Figure 4-20).  These data would thus suggest that if ROS are indeed 
required for flg22-mediated RGI, this ROS is not derived from ATRBOH isoforms C, D or F .  
Given that ACC induces root ROS production (Jung et al, 2009) required for growth inhibition 
(De Cnodder et al, 2005) and flg22-mediated root growth appears to be dependent on ACC , 
it is still likely that ROS is a downstream intermediate in flg22-mediated RGI.  
    
  In order to clarify the role of ROS in flg22-mediated RGI it was set to whether flg22 
treatment may mediate intracellular changes in ROS level in root tissues. Using the cell-
permeant ROS sensitive fluorophore 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA), 
ROS levels in root  tissues were visualised following 20 minutes treatment with the flg22 
peptide. A 20 minute time-point was chosen as the  flg22-mediated oxidative burst in other 
plants tissues is known to be transient in nature with ROS levels peaking between 15 to 20 
minutes after elicitation (Boutrot et al, 2010).  In wild-type Columbia roots, no visible 
increase in fluorescence could be observed in either the meristematic or elongation zone of 
the root following flg22 treatment (Figure 4-22).  On closer examination of the literature it 
was however noted that De Cnodder et al (2005) made attempts to detect ACC-induced ROS 
production in roots using H2DCFDA and failed to detect a visible increase (De Cnodder et al, 
2005).  An ACC-induced increase in root ROS production was however detected using 
Oxyburst Green H2HFF-BSA, a fluorogenic reagent for detecting extracellular ROS (De 
Cnodder et al, 2005).  Via transmission electron microscopy, ACC-induced H2O2 was 
cytochemically detected and shown to localise to the epidermal cell wall (De Cnodder et al, 
2005).  Given that ACC appears to act downstream of flg22 perception in roots, it could 
therefore be that flg22-mediated ROS is similarly diffused in the apoplast or highly localised 
to the cell wall, making detection via fluorometric microscopy difficult.  Flg22-mediated ROS 
production was recently detected in Arabidopsis root tissue using a quantitative luminol-
based assay, suggesting this could be the case (Jacobs et al, 2011).   However the source of 
flg22-mediated ROS in root tissue remains to be determined.  De Cnodder et al proposed 
the enzymatic source of ACC-induced ROS to be an NADPH oxidase (De Cnodder et al, 2005) 
as diphenylene iodonium (DPI), a known inhibitor of NADPH oxidase (Ellis et al, 1988) was 
found to reverse the ACC induced decrease in LEH (De Cnodder et al, 2005).  It has however 
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been shown that DPI, actually an inhibitor of flavin-containing enzymes, can similarly 
interfere with peroxidase-induced ROS production (Frahry & Schopfer, 1998).  Peroxidases 
are heme containing glycoproteins that can produce H2O2 in the presence of NADPH 
(Dunand et al, 2007).  It has very recently been demonstrated that two Arabidopsis cell-wall 
localised peroxidases PRX33 and PRX34 play a major role in flg22-mediated ROS production 
in leaf tissues (Daudi et al, 2012).  This apoplastic oxidative burst has been shown to be 
required for the full activation a number of flg22-mediated defences including callose 
deposition and flg22-mediated gene expression (Daudi et al, 2012).  Interestingly whilst 
PRX33 could be detected in leaves and stems, its expression is primarily localised to roots, 
whilst PRX34 transcript was found to be detected only in root tissue (Valério et al, 2004).  It 
might therefore be that flg22-mediated ROS production in roots is peroxidase mediated.  
This remains to be determined. 
 
4.3.6 ACC-mediated root growth inhibition does not require AHK5-dependent H2O2 
perception    
 
  The mechanism by which AHK5 may confer hypersensitivity to ACC/ethylene and flg22 
remains unknown. Given that AHK5 has been shown to function in regulating H2O2 
homeostasis in stomatal guard cells (Desikan et al, 2008), it was proposed that AHK5 may 
act to perceive ACC induced ROS in roots.  In consistency with this hypothesis, seedlings of 
the ahk5-1 (Col) mutant were found to exhibit root hypersensitivity to exogenously applied 
H2O2 (Figure 4-16).   However, despite similarly exhibiting hypersensitivity to ACC, seedlings 
of the ahk5-3 (Ws-4) were found to exhibit hyposensitivity to H2O2 (Figure 4-17).   Thus 
whilst the two AHK5 mutants share a similar hypersensitivity to ACC, they exhibit 
differential sensitivity to H2O2.  This would thus suggest that ACC-mediated growth 
inhibition is not likely to occur via AHK5-dependent H2O2 perception. Thus although ahk5-1 
mutants exhibit hypersensitivity to both flg22 and ACC/ethylene it remains to be 
determined whether these phenotypes are linked. It was noted that ahk5-1 seedlings only 
exhibit root hypersensitivity to ACC and ethephon at concentrations shown to inhibit root 
growth by over 50%.  In contrast, they were found to exhibit hypersensitivity to 100nM flg22 
despite this concentration of peptide mediating only a 20% reduction in growth.  Thus it 
remains possible that AHK5 plays distinct roles in ACC and in flg22-mediated RGI.   AHK5 
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function as a ROS sensor in roots could therefore still contribute to its role in flg22-mediated 
RGI.  
 
  The observed differential root sensitivity of ahk5-1 (Col-0) and ahk5-3 (Ws-4) to H2O2 is in 
itself puzzling especially since the two mutations confer a similar hypersensitivity to ACC in 
roots (Figure 4-4 and Figure 4-5).  Furthermore, the two mutations have been shown to 
confer reduced sensitivity to both H2O2 and ethylene in stomatal guard cells (Desikan et al, 
2008).  Thus AHK5 appears to act in both a tissue and stimulus-specific manner.  In stomata, 
ahk5-1(Col-0) mutation was found to confer flg22-insensitivity (Desikan et al, 2008) whilst 
contrastingly in roots ahk5-1 (Col-0) appears to confer flg22 hypersensitivity. The ahk5-3 
(Ws-4) mutation was found to restore stomatal flg22-sensitivity in the otherwise flg22-
insensitive Ws background (Desikan, unpublished data), whilst our data would suggest this is 
not the case in roots.   Clearly parallels cannot be drawn between AHK5-mediated responses 
in stomatal guard cells and roots.  The differential flg22 sensitivity of the two mutations in 
stomata was thought to be accounted for by the presence or absence of FLS2 in the 
Columbia and Wassilewskija respectively.   It would appear unlikely that the differential 
sensitivity to H2O2 in roots is accounted for by the presence or absence of FLS2 in the two 
ecotypes especially as both mutants exhibit a similar reduction in H2O2 sensitivity in 
stomatal guard cells (Desikan et al, 2008).  However, as demonstrated in this study stomatal 
and root phenotypes cannot always be equated.  The alternative hypothesis is that the two 
alleles confer differential sensitivity to H2O2 due to the differential location of the AHK5 T-
DNA. The ahk5-1 (Col-0) T-DNA is located in the receiver domain whilst the ahk5-3 (Ws-4) T-
DNA is located in the His-Kinase domain. No full-length transcript could be detected in 
either of the mutant lines (Desikan et al, 2008) however it is not impossible that the mutant 
proteins may retain some residual transcript and hence signalling activity despite lacking the 
ability for His-Asp phosphotransfer.   
 
4.3.7 Nitric oxide is a negative regulator of flg22-mediated RGI 
 
  The gaseous signalling molecule nitric oxide (NO) has been shown to inhibit primary root 
growth in Arabidopsis (Lopez-Gomez et al, 2012).   NO is a known requirement for flg22-
mediated stomatal closure (Melotto et al, 2006).  Furthermore, treatment with the flg22 
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peptide has been shown to induce NO in cell culture (Gust et al, 2007).  We therefore 
hypothesised that NO may similarly act as a mediator of flg22 responses in root tissues.  In 
an attempt to establish a function for NO in  flg22-mediated RGI, wild-type seedlings were 
treated with flg22 in the presence of the NO-specific scavenger cPTIO (Akaike et al, 1993).  
In the presence of cPTIO, RGI in response to flg22 was almost double that observed in 
seedlings treated with flg22 alone (Figure 4-23).  This would thus suggest that NO acts as a 
negative regulator of flg22 mediated RGI. In order to test this hypothesis, RGI in response to 
flg22 was similarly analysed in seedlings of the NR-deficient nia1nia2 double mutant.  NR 
catalyses the NADPH-dependent reduction of nitrite to NO, and its NO-generating capacity 
has been demonstrated in planta (Desikan et al, 2002).  The nia1nia2 double mutant 
contains a mutation in each of the two nitrate reductase (NR/NIA) genes resulting in only 1% 
the NR activity of wild-type plants (Wang & Crawford, 1996).  Both NIA1 and NIA2 are 
expressed in shoot and root tissues although NIA1 is expressed at higher levels in roots 
(Cheng et al, 1991).  In keeping with the pharmacological data, flg22-mediated RGI was 
found to be enhanced in the nia1nia2 mutant (Figure 4-24). This would suggest that NO 
produced via NR is required to negatively regulate flg22-mediated RGI.  This observation 
was perhaps surprising; as our SNP data shown in Figure 4-26 confirms, the application of 
exogenous NO promotes RGI in a dose dependent manner (Fernández-Marcos et al, 2011) 
yet NO appears to be inhibiting flg22 mediated RGI.  However, whilst treatment with 
micromolar concentration of the NO donor SNP has been shown to reduce the number of 
dividing cells in the root meristem thus promoting RGI (Fernández-Marcos et al, 2011) low 
nanomolar concentrations of SNP have been shown to promote root elongation in maize 
(Gouvêa et al, 1997).  Thus NO appears to regulate primary root growth in a concentration 
dependent manner.   
 
   Using the NO-specific fluorescent dye DAF-FM-DA, no visible change in NO-associated 
fluorescence could be observed in root tissues following 30 minutes flg22 treatment (Figure 
4-25).  It could however be that flg22 induces low levels of NO below the limits of 
fluorometric detection.  As has been shown in maize, this small increase in NO production 
may act in a growth promoting fashion (Gouvêa et al, 1997), hence negatively regulating 
flg22-mediated RGI. An NO-inducing role for flg22 in roots would not be surprising as the 
flg22 peptide has been shown to induce NO in both cell culture (Gust et al, 2007) and in 
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stomatal guard cells (Melotto et al, 2006).  Interestingly it has been shown that SA, known 
to be induced by flg22 in seedlings (Tsuda et al, 2008) is able to induce NO production in 
Arabidopsis roots, however the analysis of the nia1nia2 mutant revealed that SA-induced 
NO production is not mediated via NR (Zottini et al, 2007).  
 
  It has recently been shown that MPK6, known to be flg22-mediated (Asai et al, 2002), can 
directly phosphorylate NIA2 (Wang et al, 2010a).  Phosphorylation of NIA2 was found to 
dramatically increase NR activity and NO production in root cells (Wang et al, 2010a).  Thus 
it is possible that flg22-mediated post-translational modification of NIA2 may act to mediate 
low levels of NO production in root tissues. The analysis of root growth inhibition in the 
single nia1 and nia2 mutants may shed further light on this. 
 
   The broader significance of flg22-mediated NO production in roots also remains to be 
ascertained.  Given that flg22 mediates root growth inhibition, it is unlikely that flg22 
triggers NO production to negatively regulate this process. Rather the effect of NO on RGI is 
likely to be coincidental.  Its primary role is more likely one of defence (Thomma et al, 
1998).  LPS-induced NO for example is required for the activation of defence genes in 
Arabidopsis (Zeidler et al, 2004).  However, the role of NO in root-mediated defence 
responses remains poorly understood.  
 
   Interestingly, NO is a known secondary messenger in auxin signal transduction leading to 
root developmental processes.  NO has been shown to attenuate auxin responses in the 
RAM by reducing levels of the polar auxin transport protein PIN1, thus distorting the 
organisation of the QC, causing resultant meristem collapse and hence RGI (Fernández-
Marcos et al, 2011).  Treatment with the NO scavenger, cPTIO was found to block both auxin 
induced root hair elongation  (Lombardo et al, 2006) and auxin induced promotion of 
adventitious and lateral root development  (Correa-Aragunde et al, 2004; Pagnussat et al, 
2002) supporting further links between auxin and NO-dependent signalling pathways during 
root development.  Interestingly, RGI inhibition in response to the cellulose biosynthesis 
inhibitor isoxaben, a process shown to be dependent on ACC biosynthesis but independent 
of ethylene-biosynthesis, was also shown to require auxin signalling (Tsang et al, 2011).  This 
thus suggests that auxin may be required to mediate the ACC-dependent signal.   Given the 
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identified role for both ACC and NO in mediating flg22-mediated root growth inhibition it 
was hypothesised that auxin may play a role in mediating RGI in response to flg22.  In order 
to test this hypothesis we set to determine whether flg22 may mediate changes in root 
auxin distribution.  
 
4.3.8 Flg22 mediates auxin signalling in root tissues 
 
    Auxin distribution can be visualised using the synthetic auxin-responsive promoter fusion 
DR5::GUS (Ulmasov et al, 1997). The DR5 promoter consists of tandem repeats containing 
the auxin response element (AuxREs) motif TGTCTC, a conserved motif in the promoter of 
auxin responsive genes.   Auxin response factors (ARFs) are short-lived nuclear proteins that 
bind to AuxREs.   In the absence of auxin, AUX/IAA repressor proteins inhibit ARF 
transcription factor binding.  However, following auxin perception via the TIR1 (Transport 
Inhibitor Response 1)/AFB (Auxin Signalling F-Box)  SCF (Skp1-Cul1-F-box-protein) ubiquitin 
ligase receptor complex, AUX/IAA repressor proteins are rapidly degraded thus allowing ARF 
transcriptional regulators to bind to AuxREs.  Local levels of auxin can thus be visualised 
using the AuxRE containing DR5 promoter fused to a beta-glucoronidase (GUS) reporter 
gene.  Although an indirect measure of auxin which likely reflects not only endogenous 
auxin abundance but also the contribution of a complex signalling pathway, DR5::GUS 
activity has been shown to correlate well with endogenous auxin levels in roots (Casimiro et 
al, 2001). 
 
  Following flg22 treatment, enhanced GUS staining was observed in the root vasculature 
with staining extending to the elongation zone (Figure 4-29). Thus flg22 appears to mediate 
the accumulation of auxin in the stele.  This would suggest that flg22 may be mediating 
acropetal transport of auxin from shoot to root tissue.  Interestingly, it has been shown that 
flg22 can induce accumulation of the microRNA  miR393 (Navarro et al, 2006) shown to 
negatively regulate the expression of genes encoding the auxin receptors TIR1, AFB2 and 
AFB3 (Navarro et al, 2006).  Flg22 was thus shown to repress auxin signalling in aerial plant 
tissues (Navarro et al, 2006).   However, whilst flg22 appears to antagonise auxin responses 
in aerial plant tissues, our GUS data would suggest that flg22 mediates auxin activity in root 
tissues. It has been proposed the miR393-mediated control of auxin receptor levels may 
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contribute to the regulation of auxin responses during normal plant development (Chen et 
al, 2011).   It is possible that there may be differential regulation of miR393 induction in root 
and shoot tissues such that whilst auxin-responses are repressed in aerial tissues, this is not 
the case in root tissues.   
 
    Although low concentrations of auxin promote growth in intact roots, the typical response 
of roots to high levels of exogenously applied auxin is to inhibit elongation (Bonner & 
Koepfli, 1939).  The observed accumulation of auxin in root tissues as detected by DR5::GUS 
following flg22 treatment could therefore reflect the root growth inhibitory action of flg22.  
Although this remains to be demonstrated it could be that flg22-mediated growth inhibition 
is in part mediated via the action of auxin.    
 
   There is a substantial body of evidence to suggest that ethylene-induced RGI is in part 
mediated by the action of auxin (Růžička et al, 2007; Stepanova et al, 2007).   Via the 
upregulation of auxin biosynthetic enzymes in the root apex (Stepanova et al, 2005) ACC has 
been shown to promote an increase in DR5:GUS activity in the root meristem (Růžička et al, 
2007).  This newly synthesised auxin is thought to be transported through epidermal cell 
files from the root apex to the elongation zone where it acts to enhance sensitivity to 
ethylene (Stepanova et al, 2007).  However whilst ACC acts to mediates auxin biosynthesis 
in the root apex, contrastingly following flg22-treatment, DR5:GUS expression was observed 
in the stele (Figure 4-29) thus suggesting that flg22 is mediating auxin transport acropetally 
from shoot tissues toward the root tip (Stepanova et al, 2005).   It is possible that flg22 -
induced acropetal transport of auxin from the shoot may precede basipetal transport from 
the root apex.  However whilst basipetal auxin transport is require for ACC-induced RGI, 
acropetal transport is not (Stepanova et al, 2007).  This would suggest that the flg22-
mediated change in auxin distribution observed is unlikely to be mediated by ACC. 
 
   Interestingly whist ethylene-dependent RGI is mediated by auxin,  auxin can also induce 
ethylene production by promoting an increase in ACC synthase expression as demonstrated 
in both whole seedlings (Yamagami et al, 2003) and in the root tip (Tsuchisaka & Theologis, 
2004).  It could therefore be that shoot derived flg22-mediated auxin may act to upregulate 
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expression of ACS genes in root tissues (Tsuchisaka & Theologis, 2004).  The subsequent 
local increase in ACC may then act to mediate the reduction of root elongation.  However 
whilst auxin has been shown to induce a transitory increase in ethylene production, this 
ethylene is thought to be too low to have any appreciable effect on growth (Eliasson et al, 
1989; Stepanova et al, 2007).  It is however possible that the auxin-induced increase in ACC 
may be sufficient to inhibit RGI in an ethylene-independent manner.   Alternatively flg22-
mediated auxin may regulate RGI independent of interaction with the ACC/ethylene 
signalling pathway.  IAA for example has been shown to inhibit root growth in an ethylene 
independent manner, exerting its effect by mediating a reduction in the size of the 
elongation zone (Rahman et al, 2007).    
 
 
   NO, thought to be a negative regulator of flg22-mediated RGI (see Figure 4-23 and Figure 
4-24), has also been shown to modulate auxin-signalling in roots. As previously discussed 
high concentrations of NO are RGI.  NO has been shown to inhibit primary root growth by 
reducing PIN1-dependent acropetal auxin transport  thus reducing root meristem activity 
(Fernández-Marcos et al, 2011).  However the mechanisms by which NO might promote 
root growth (or negatively regulate RGI), as suggesting by the nia1nia2 data shown in Figure 
4-24, remain to be determined.  Interestingly whilst NO inhibits primary root growth at high 
concentrations, auxin-induced NR-derived NO is a known requirement for auxin-induced 
root hair elongation and the promotion of adventitious and lateral roots (Casimiro et al, 
2001; Kolbert et al, 2008; Ljung et al, 2005). Via S-nitrosylation of the auxin receptor TIR1, 
NO has been shown to promote interaction between TIR1 and downstream Aux/IAA 
proteins thus facilitating Aux/IAA degradation and subsequent activation of auxin-
dependent gene expression (Terrile et al, 2012).  Thus NO can act as both a positive and 
negative regulator of auxin responses in roots tissue.  Further experiments are thus needed 
to determine whether there may be interplay between auxin and NO signalling inputs and 
whether or how such inputs act to mediate flg22-induced RGI.  
 
 
 
162 
 
4.3.9 Cautionary note on the use of AVG inhibitor 
 
    The data presented in Figure 4-11 shows that flg22-mediated RGI can be completely 
reversed in the presence of AVG, an inhibitor of pyridoxal phosphate (w) dependent 
enzymes.  It was assumed that such effect was due to the inhibition of the ACC synthase 
enzyme, a well characterised role of AVG (Boller et al, 1979).  However a recent 
transcriptomics study revealed that whilst AVG treatment has a negative correlation with 
ACC treatment it also had a strong negative correlation with auxin treatment (Soeno et al, 
2010).  In the auxin biosynthesis pathway, there are several pyridoxal phosphate (PLP) 
dependent enzymes which could be inhibited by AVG (Soeno et al, 2010) a number of which 
are specifically expressed in roots (Stepanova et al, 2008).  As we have shown that flg22 can 
modulate auxin distribution in roots the AVG data presented must be interpreted with 
caution.  The possibility that AVG may exert its effect on RGI by blocking flg22-mediated 
auxin production cannot be ruled out.  This would however be inconsistent with the 
proposed link between ACC and flg22 sensitivity as observed in the ahk5-1 and etr1-7 
mutants.   
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4.3.10 Conclusions 
 
  In conclusion mutant data presented suggest a role for ethylene in flg22-mediated RGI.   
Surprisingly however, inhibitor analysis revealed that whilst ACC biosynthesis is required for 
flg22-mediated RGI, the conversion of ACC to ethylene is not.  A function for AHK5 as 
negative regulator of flg22-mediated RGI was identified, possibly accounted for by the ACC 
and/or ethylene hypersensitivity of the ahk5-1 mutant.    
 
   ACC and by proxy ethylene, is known to exert its root growth inhibitory effect in a ROS 
dependent manner (De Cnodder et al, 2005).  However, despite a role for both ACC and 
ethylene in flg22-mediated RGI, no fluorometrically detectable change in intracellular ROS 
levels could be observed in flg22 treated roots.  Data presented here also exclude a function 
for the ATRBOH enzymes in flg22-mediated RGI, although an alternative source of ROS 
cannot be excluded. Although AHK5 is shown to function as a mediator of H2O2 and flg22-
mediated RGI, a definitive role for ROS as mediator of flg22-mediated RGI remains to be 
demonstrated.  
 
 Pharmacological and mutant data suggest that the redox molecule NO acts as a negative 
regulator of flg22-RGI.  Although changes in intracellular levels of NO could not be detected 
following flg22 treatment of roots, changes in auxin distribution could be observed.  It is 
therefore possible that flg22-mediated growth inhibition is in part mediated via the action 
of auxin; this however remains to be demonstrated. 
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Chapter 5  - The role of histidine kinases in flg22-mediated bacterial defence 
 
5.1 Introduction 
 
5.1.1 Flg22-mediated pre-invasive defence  
 
   Pseudomonas syringae is a hemibiotrophic Gram-negative plant pathogen widely used as a 
model to study bacterium-plant interactions.  P. syringae was the first laboratory pathogen 
demonstrated to infect and cause disease in the model plant species Arabidopsis thaliana 
(Whalen et al, 1991).  The most widely used laboratory strain is the virulent P. syringae 
pathovar. tomato DC3000 (Pst DC3000) the causative agent of bacterial speck disease of 
tomato.  The characterisation of the Arabidopsis- P. syringae pathosystem has been of 
major importance in dissecting the molecular mechanisms of bacterial pathogenesis.   
 
  Under natural conditions Pst DC3000 is thought to enter host plant tissues via natural 
surface openings.  Open stomata are thought to be a primary port of bacterial entry 
(Melotto et al, 2006).  As a consequence plants have evolved the ability to actively close 
their stomata following perception of bacterial PAMPs such as flg22 (see section 1.8.9) 
(Melotto et al, 2006).  Stomatal assays with Pst DC3000  have shown that in contrast to wild-
type plants, the stomata of fls2 mutants do not close in response to live bacteria (Zeng & 
He, 2010).  This result is surprising as bacteria have the potential to release multiple PAMPs, 
a number of which have also been shown to initiate stomatal closure in epidermal peels 
(Desikan et al, 2008; Lee et al, 1999; Melotto et al, 2006).  This would thus suggest that pre-
invasive bacterial defence via stomata is primarily mediated by the PAMP flagellin.  In 
keeping with this, fls2 mutant plants surface inoculated with Pst DC3000, were shown to 
exhibit enhanced bacterial susceptibility when compared to wild-type plants  (Zipfel et al, 
2004).  Contrastingly the efr mutant defective in the EF-Tu receptor EFR was found to exhibit 
a wild-type sensitivity to Pst DC3000 following surface inoculation (Nekrasov et al, 2009).  It 
is presumed that at early stages of the infection process other PAMPs may be at insufficient 
concentration or have insufficient potency to affect stomatal movement (Zeng & He, 2010).    
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5.1.2 Flg22-mediated post-invasive defence 
 
  Flagellin-mediated bacterial defence is not however only manifested at the epidermis. Pre-
infiltration of Arabidopsis leaves with the flg22 peptide was shown to protect plants against 
subsequent infiltration with virulent Pst DC3000 (Zipfel et al, 2004).  This effect was not 
observed in plants lacking a functional FLS2 receptor (Zipfel et al, 2004).  Similarly pre-
treatment with the bacterial PAMPs elf18 (Kunze et al, 2004) and LPS (Newman et al, 2002) 
were shown to effectively restrict the growth of subsequently inoculated pathogenic 
bacteria.  Interestingly pre-treatment with bacterial flg22 has been shown to enhance 
subsequent resistance to the fungal pathogen Botrytis cinerea (Ferrari et al, 2007).  
Conversely pre-treatment of plants with the fungal PAMP chitin can induce subsequent 
resistance to both fungal and bacterial pathogens (Wan et al, 2008).  This would suggest 
that PAMP perception can mediate broad-spectrum disease resistance. 
 
  Such resistance is thought to be accounted for by PAMP-mediated post-invasive defence 
responses such as cell wall callose deposition, ROS production and PAMP-mediated changes 
in gene expression which act to inhibit subsequent pathogen growth.  For example flg22-
mediated resistance to subsequent pathogen infection was found to be partially 
compromised in mutants defective in the callose synthase PMR4 (Kim, 2005) and in the 
NADPH oxidase ATRBOHD, the primary source of flg22-mediated ROS (Zhang 2007).   Given 
the importance of such defences, plant pathogens have evolved effectors capable of 
suppressing such defence.  For example the virulent pathogen Pst DC3000 can actively 
suppress PAMP-induced callose deposition in Arabidopsis, a process dependent on effector 
proteins such as  AvrPto (Hauck et al, 2003) and AvrB (Shang et al, 2006).  Likewise the P. 
syringae effector HopAI1 inhibits the activity of flg22-mediated MAPKs and hence inhibits 
downstream ATRBOHD-dependent ROS production thus suppressing flg22-triggered 
immunity (Zhang et al, 2007).  Effector proteins may also target immunity-associated 
proteins. For instance the flg22-regulated target gene AtMIN7 (Arabidopsis thaliana HOPM 
INTERACTOR7), an ADP ribosylation factor guanine nucleotide exchange factor protein 
required for flg22-triggered immunity, is directly targeted for proteosomal destruction by 
the Pst DC3000 virulence factor HopM1 (Nomura et al, 2006; Nomura et al, 2011). 
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5.1.3 Hormone signalling and plant disease resistance  
 
  Evidence also points to the involvement of hormone signalling in regulating FLS2-mediated 
responses. For example flg22-mediated resistance to Pst DC3000 is partially dependent on 
SA signalling (Tsuda et al, 2008).  The flg22 peptide has also been shown to transiently 
enhance the accumulation of a plant miRNA that directs the degradation of the auxin 
receptor TIR1 (Navarro et al, 2006).  The resulting repression of auxin signalling acts to 
restrict Pst D3000 growth (Navarro et al, 2006).   Recent evidence also points to the 
involvement of the plant hormones in flg22-mediated stomatal closure.  For example plants 
deficient in NPR1 (NON-EXPRESSOR OF PR GENES1), required for regulating SA-dependent 
gene expression, were found to be defective in bacterium-induced stomatal closure (Zeng & 
He, 2010).   Similarly stomatal closure in response to flg22 was found to be compromised in 
the ABA-deficient mutant aba3-1 (Melotto et al, 2006).   
 
  Both the plant hormones ethylene and cytokinin, perceived by hybrid HKs, are known to 
play a role in bacterial disease resistance.  Ethylene produced following pathogen attack is 
thought to act as a stimulus for plant defences by regulating a wide-range of defence-
associated genes including those encoding pathogenesis-related (PR) proteins (Ohme-Takagi 
et al, 2000). Many of such PR proteins display antifungal activity, encoding for example the 
hydrolytic enzymes β1,3-glucanase and chitinase, which can actively degrade the fungal cell 
wall (Niderman et al, 1995; Penninckx et al, 1998; Thomma et al, 1998).  As consequence 
ethylene is classically associated with defence against necrotrophic pathogens. For example 
the ethylene signal transduction component EIN2 was shown to be essential for full 
resistance to the grey mould fungus Botrytis cinerea in Arabidopsis (Thomma et al, 1999). 
However a transient rise in PAMP-mediated ethylene production can be detected following 
inoculation of Arabidopsis with the bacterial pathogen Pst DC3000 (Mur et al, 2009).  
Furthermore pre-treatment of Arabidopsis leaves with the ethylene precursor ACC was 
found to induce significant protection against subsequent Pst DC3000 challenge suggesting 
that ethylene may act as a positive regulator of basal bacterial resistance (Pieterse et al, 
1998).  However, conversely to this, the ability of P syringae pv. glycinea to proliferate on 
soybean was impaired in bacterial mutants lacking the capacity to produce ethylene 
(Weingart et al, 2001).  Host ethylene production has been shown to be required for the full 
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virulence of Pst DC3000 in tomato (Lund et al, 1998).   Thus depending on the plant-
pathogen combination, ethylene appears to have dual action in bacterial defence, 
sometimes acting as a positive regulator of plant defence, whilst sometimes acting as a 
pathogen virulence factor (van Loon et al, 2006).   
 
  Like ethylene, cytokinin can similarly act as a bacterial virulence factor. Plant pathogenic 
bacteria such as Rhodococcus fascians and Agrobacterium tumefaciens produce cytokinins, 
required for the generation of the bacterial nutrient-rich gall tissue (Akiyoshi et al, 1983).   It 
has more recently been shown that cytokinins can promote resistance against the non-
cytokinin secreting Pst DC3000 (Choi et al, 2010).  Pre-treatment with the cytokinin zeatin 
was shown to significantly enhance resistance of Arabidopsis to Pst DC3000 (Choi et al, 
2010).    
 
5.1.4 Aims 
 
   Given the known role of both the hormones ethylene and cytokinin in bacterial disease 
resistance and the identified role of the histidine kinases ETR1, AHK2 and AHK5 in flg22-
mediated growth inhibition (see sections 3.3.1, 3.3.4 and 4.3.1) we hypothesised that the 
HKs may play a contributory role to flg22-mediated plant innate immunity.  Bacterial 
susceptibility and flg22-triggered immunity to Pst DC3000 was therefore analysed in wild-
type and HK mutants. The effect of the HK mutations on flagellin-mediated post-invasive 
defence was further verified via analysis of flg22-mediated callose deposition, a hallmark of 
basal defence.  AHK5 is also known to function in flg22-mediated stomatal closure (Desikan 
et al, 2008). To determine the biological role of AHK5 stomatal function during the natural 
bacterial infection process, bacterial populations in ahk5 mutants were determined 
following leaf surface bacterial inoculation. 
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5.2 Results 
 
5.2.1 AHK5 function in bacterial defence 
 
5.2.1.1 Assessment of post-invasive bacterial disease resistance in ahk5 mutants 
 
 In an attempt to discern the role of AHK5 in post-invasive bacterial defence, susceptibility 
to the virulent bacterium Pst DC3000 was assessed in wild-type and ahk5 mutants. Direct 
syringe infiltration of bacteria into the leaf intracellular spaces is a widespread laboratory 
practice used in the study of post-invasive plant defence responses (Katagiri et al, 2002).  
Wild type and ahk5-1 mutant plants were syringe inoculated with Pst D3000 bacterial 
suspension and in planta apoplastic bacterial populations determined by plating serial 
dilutions of infected leaf homogenate on selective bacterial growth media.  The number of 
bacterial colony forming units (c.f.u) per cm2 of leaf tissue was then calculated at 2, 4 and 6 
days post infection (d.p.i).  Interestingly, at 2 d.p.i, ahk5-1 plants were found to exhibit 
increased susceptibility to Pst DC3000 with bacterial populations of approximately 0.25 log-
fold higher than wild-type plants (p=0.0191, t-test) (Figure 5-1).  By 4 d.p.i, despite 
continued bacterial multiplication as in wild-type plants, the bacterial populations in wild-
type and ahk5-1 were not found to differ significantly.  
 
 
 
 
 
Figure 5-1 - Bacterial growth in wild-type Col-0 and ahk5-1 (Col-0) plants following syringe inoculation with Pst DC3000 
Wild-type Columbia and ahk5-1 mutant plants were syringe inoculated with Pst DC3000 bacteria at approximately 1x10
5
 
c.f.u. ml
-1
.  Bacterial populations were quantified at 2, 4 and 6 days post infection. Bars represent the mean bacterial 
number expressed as the log10 of c.f.u/cm
2
 ± SE.  Data were obtained from 3 independent experiments with 10 biological 
repeats.   * p<0.05, t-test vs. Columbia at the same timepoint.  
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  This data would suggest that AHK5 plays a role in mediating post-invasive resistance to Pst 
DC3000 at an early stage in the infection process.   Bacterial populations were likewise 
monitored in plants of the ahk5-3 mutant of the Wassilewskija ecotype.  Similar to plants of 
ahk5-1 (Col-0), ahk5-3 (Ws-4) mutant plants were found to exhibit enhanced susceptibility 
to Pst DC3000 at 2 d.p.i with populations in the ahk5-3 mutant plants over 0.5 log-fold 
higher than their wild-type Wassilewskija counterparts (p=0.0394 t-test) (Figure 5-2).  At 4 
d.p.i, bacterial populations in ahk5-3 were still observed to be significantly higher than in 
wild-type plants. Thus, irrespective of ecotype background, AHK5 appears to act as positive 
regulator of post-invasive bacterial defence.  In contrast to Columbia, significant tissue 
collapse was observed in plants of both Ws-4 and ahk5-3 mutants at 6 days post infection 
(data not shown) thus in planta populations could not be assessed post 4 d.p.i.   Increased 
tissue collapse in response to bacterial infiltration has previously been reported in the Ws 
ecotype, thought to be as consequence of the stop mutation within the flg22  receptor FLS2 
(Forsyth et al, 2010).  
 
Figure 5-2 - Bacterial growth in of wild-type Ws-4 and ahk5-3 (Ws-4) following syringe inoculation with Pst DC3000 
 
Wild-type Wassilewskija (Ws-4) and ahk5-3 (Ws-4) mutant plants were syringe inoculated with Pst DC3000 bacteria at 
approximately 1x10
5
 c.f.u. ml
-1. 
Bacterial populations were quantified at 2, 4 and 6 days post infection. Bars represent the 
mean bacterial number expressed as the log10 of c.f.u/cm
2
 ± SE.   Data obtained from 3 independent experiments with 10 
biological repeats.   * p<0.05, (t-test) versus Columbia at the same timepoint. 
 
Given the identified role for AHK5 as a mediator of bacterial disease resistance we set to 
determine whether AHK5 may act as a regulator of flg22-mediated bacterial defence.   
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5.2.1.2 Assessment of flg22-triggered defences in ahk5 mutants 
 
  In order to assess whether AHK5 may play a role in mediating flg22-triggered immunity, 
wild-type and ahk5-1 mutants plants were pre-treated via syringe infiltration with the 
inactive flg22 A.tum (control) or the active flg22 peptide (1µM).  After 24 hours the plants 
were syringe infiltrated with Pst DC3000 bacteria.  Bacterial populations in infected leaves 
were assessed at 2 days post bacterial infection. Populations in wild-type plants pre-treated 
with flg22 were found to be over a log-fold lower than control treated plants thus 
confirming the protective effect of flg22 treatment (Figure 5-3).  In order to allow 
quantification of flg22 triggered immunity, we calculated the difference in log10-transformed 
bacterial number of colony forming units between control treated (flg22 A.tum) and flg22-
pretreated leaves defined here as FTI (Flagellin-Triggered Immunity).  The FTI level is 
thought to reflect the quantitative effect of flg22-mediated defence on pathogen growth. 
The FTI level observed in leaves of the ahk5-1 mutant was thus quantified as being 0.16 log 
fold lower than that of the corresponding wild-type Columbia line (Table 5.3B).  However, 
statistical comparison with the FTI level observed in wild-type plants (see Materials & 
Methods section 2.18) revealed the difference to be non-significant (p=0.2295, t-test).   
 
 
 Figure 5-3 - Quantification of flg22-triggered  immunity (FTI) in plants of wild-type Columbia (Col-0) and ahk5-1 (Col-0) 
 
Leaves of wild-type Columbia and ahk5-1 mutant plants were pre-treated with either 1µM flg22
A.tum 
(control) or
 
1µM flg22 
by syringe infiltration. After 24 hours the leaves were syringe inoculated with
 
Pst DC3000 bacteria at approximately 1x10
5
 
c.f.u. ml
-1
. Bacterial growth was assessed 2 d.p.i as shown in Figure A.    Bars represent the mean bacterial number 
expressed as the log10 of c.f.u/cm
2
 ± SE.   FTI was defined as the difference in bacterial number between flg22 
A.tum
 and 
flg22-pretreated leaves expressed in log10 c.f.u./cm
2 
as shown by arrows.  The FTI level of the ahk5-1 mutant was then 
compared with that of Col-0 using a two-tailed-t-test to obtain a P-value as shown in Table5.3B.  Data were obtained from 
3 independent experiments with 10 biological repeats.    
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    In order to further clarify the role of AHK5 in flagellin-mediated defence, levels of flg22-
mediated callose deposition were examined.   Mature leaves of wild-type and ahk5-1 plants 
were syringe-infiltrated with 1μM flg22 A.tum (control) or 1μM flg22.  After 24 hours, leaves 
were detached and stained for callose using the aniline blue fluorochrome (Currier & 
Strugger, 1956).  In control treated leaves, a small number of callose deposits (presumed to 
be wound induced) could be detected around the site of infiltration.  Infiltration with flg22 
triggered substantially more callose deposits as illustrated in Figure 5-4 A and B.  In order to 
quantify the levels of callose deposition, the average percentage area of callose deposition 
per field of view was determined in wild-type and mutant plants using imaging software 
(see Materials & Methods section 2.15).  Quantification revealed that the level of callose 
deposition in response to flg22 A. tum (control) or in response to the active flg22 peptide 
treated leaves did not differ significantly between wild-type and ahk5-1 mutants (Figure 5-4 
C and D).  In keeping with observed levels of FTI in wild-type and ahk5-1 mutant plants 
(Figure 5-3), these data would thus suggest that the presence of a functional AHK5 protein is 
not a requirement for post-invasive flg22-mediated defences. This would also suggest that 
the enhanced susceptibility of the ahk5-1 mutant to Pst DC3000 (as shown in Figure 5-1) is 
not likely a consequence of altered post-invasive flg22-mediated defence.
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A)   Control  (1µM flg22 A.tum)    
 
     
 
B)   flg22 1µM 
 
               
                                              Col                                       ahk5-1 (Col-0) 
                                          Col                                       ahk5-1 (Col-0) 
C)  Control  (1µM flg22 A.tum)  
D)  flg22 1µM  
Figure 5-4 - Callose deposition in Col-0 and ahk5-1 mutant leaves following flg22 treatment 
Mature Col-0 and ahk5-1 mutant leaves were syringe-infiltrated with 1µM flg22 
A.tum 
(Control) or 1µM flg22. After 
24 hours, leaves were detached and stained with aniline blue.  Leaves were then examined using ultraviolet 
epifluorescence. Images of representative control A) and flg22 B) treated leaves are shown.   Quantification of the 
extent of callose deposition in control (C) and flg22 (D) treated leaves was carried out using Image J software. Bars 
represent the average percentage area of callose deposition per 0.59mm
2
 field of view (as shown in A and B). Error 
bars represent the standard error of 24 leaf regions (4 fields of view from 6 different leaves). Scale bar = 100µm 
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 FTI was similarly analysed in ahk5-3 mutant plants of the Wassilewskija ecotype. The 
Wassilewskija (Ws) ecotype lacks a functional FLS2 receptor and has been characterised as 
flagellin-insensitive (Gomez and Boller 2000).  In keeping with this, no significant reduction 
in bacterial number was observed in wild-type Ws-4 plants following flg22 treatment (Figure 
5-5).  Ws plants transformed with a functional FLS2 gene under the control of its native 
promoter (Ws/FLS2) acquired responsiveness to flg22, thus confirming the flg22 insensitivity 
of the Ws ecotype is a consequence of loss of FLS2 function (Table 5.5B).  Similar to Ws-4, 
no significant reduction in bacterial number was observed in ahk5-3 (Ws-4) mutant plants 
following treatment with the active peptide when compared to control treated plants 
(Figure 5-5).  It would thus appear that post-invasive flg22-triggered resistance to Pst 
DC3000 is lacking in plants of both the Wassilewskija (Ws-4) ecotype and the corresponding 
ahk5-3 (Ws-4) mutant.  In keeping with this, in leaves of both Wassilewskija and ahk5-3 
plants, callose deposition following flg22 treatment was found to closely match that of 
control-treated leaves (Figure 5-6).   These data would thus suggest that irrespective of 
ecotype background, AHK5 loss-of-function confers no significant effect on flg22-mediated 
post-invasive defence responses. 
  
Figure 5-5 - Quantification of flg22-triggered  immunity (FTI) in plants  of wild-type Ws-4,  ahk5-3 (Ws-4) and Ws/FLS2  
 
Leaves of wild-type Ws-4, ahk5-3 mutant and Ws/FLS2 plants were pre-treated with either flg22
A.tum 
(control) or
 
flg22 by 
syringe infiltration. After 24 hours the leaves were syringe inoculated with
 
Pst DC3000 bacteria at approximately 1x10
5
 
c.f.u. ml
-1
.  Bacterial growth was assessed 2 d.p.i as shown in Figure A.    Bars represent the mean bacterial number 
expressed as the log10 of c.f.u/cm
2
 ± SE. FTI was defined as the difference in bacterial number between flg22 
A.tum
 and flg22-
pretreated leaves expressed in log10 c.f.u./cm
2 
as shown by arrows.  The FTI level of the ahk5-3 mutant and Ws/FLS2 
complemented line was then compared with that of Ws-4 using a two-tailed-t-test to obtain a p-value as shown in Table 
5.5 B. ***p<0.001 vs. Ws-4.  ns indicates a non-significant difference between control (flg22 
A.tum
) and flg22 treated 
bacterial population counts as assessed by One-way ANOVA.
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A) Control  (1µM flg22 A.tum)  
  
          
 
B)  flg22 1µM 
 
     
                    
 
 
                            Ws-4                                        ahk5-3  (Ws-4) 
Figure 5-6 - Callose deposition in Ws-4 and ahk5-3 mutant leaves following flg22 treatment 
Mature Ws-4 and ahk5-3 mutant leaves were syringe-infiltrated with 1µM flg22 
A.tum 
(Control) or 1µM flg22. After 24 hours, 
leaves were detached and stained with aniline blue.   Leaves were then examined using ultraviolet epifluorescence. Images of 
representative control A) and flg22 B) treated leaves are shown. C) Quantification of the extent of callose deposition in control 
and flg22 treated leaves was carried out using Image J software.  Bars represent the average percentage area of callose 
deposition per 0.59mm
2
 field of view (as shown in A and B). Error bars represent the standard error of 24 leaf regions (4 fields 
of view from 6 different leaves). Scale bar = 100µm  
 
                                   Ws-4                                       ahk5-3  (Ws-4) 
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5.2.1.3 Assessment of pre-invasive defences in ahk5 mutants 
 
  Under natural conditions, Pst DC3000 is thought to enter host plants via natural surface 
openings such as stomata.  Thus the syringe infiltration of bacteria directly into the apoplast 
may by-pass the first steps of the natural infection process.  As an alternative, plants can be 
spray inoculated with bacterial suspension, mimicking the natural infection process (Katagiri 
et al, 2002).  Following leaf surface sterilisation, apoplastic bacterial growth can similarly be 
assessed via bacterial population counts.  In an attempt to verify the role of AHK5 in pre-
invasive stomatal defences, wild-type and ahk5 mutants were spray inoculated with Pst 
DC3000 bacterial suspension of approximately 5 × 108 c.f.u. ml-1.  Such high inoculum 
concentration was chosen as bacterial suspensions of this concentration have been shown 
to be sufficient to induce stomatal closure in epidermal peels (Melotto et al, 2006).  Adaxial 
leaf surfaces were sprayed with bacterial solution until evenly coated.  Apoplastic bacterial 
populations were then assessed at early stages of the infection process.   In order to 
correlate bacterial numbers with leaf size, individual leaves were weighed before 
homogenisation and bacterial number expressed as c.f.u per gram of fresh weight 
(c.f.u/gFW).  At 1 d.p.i, bacterial populations in ahk5-1 (Col-0) were found to be significantly 
higher than those in wild-type Col-0 plants (p=0.0148, One-way ANOVA followed by Tukey’s 
post hoc test) as shown in Figure 5-7.  Bacterial populations in fls2-8 mutant plants were 
found to be significantly higher still.  At 2 d.p.i, bacterial populations in wild-type plants 
were found to be almost 2 log-fold higher than those at 1 d.p.i.  However by 2 d.p.i, whilst 
populations in the fls2-8 mutant were still significantly higher than wild-type, bacterial 
populations in wild-type and ahk5-1 mutant plants did not differ significantly (Figure 5-7).  
This would thus suggest that following surface spray inoculation, in the Columbia ecotype, 
AHK5 mutation has significant effect on bacterial susceptibility at the early stages of 
infection.  This increase in susceptibility to bacterial infection following spray inoculation 
could likely be as consequence of flg22 insensitivity in stomatal guard cells of the ahk5-1 
(Col-0) mutant as reported by Desikan et al 2008.  
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Figure 5-7 - Bacterial Growth at 1 and 2 d.p.i in Col-0, ahk5-1 (Col-0) and fls2-8 (Col-0) plants following spray inoculation with Pst DC3000 
Wild-type Columbia (Col-0), ahk5-1 (Col-0) and fls2-8 (Col-0) plants were spray inoculated with Pst DC3000 bacteria at approximately 5 × 10
8
 c.f.u. ml
-1.
. 
 
 Bars represent the mean bacterial 
number expressed as the log10 of c.f.u/cm
2
 ± SE at 1 and 2 d.p.i.  Data was obtained from 3 independent experiments with 10 biological repeats.   Different letters indicate significant 
differences between means as assessed by One-Way ANOVA followed by Tukey’s post hoc test.   Shared letters indicate no significant difference. 
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    Stomatal aperture is known to affect the rate of transpiration (Willis & Balasubramaniam, 
1968).  In order to verify the altered flg22-sensitivity of ahk5-1 stomata and assess its 
relevance at the whole-leaf level, a transpiration bioassay was performed. The flg22 peptide 
was applied through the petiole of excised leaves of wild-type and ahk5-1 mutant plants. 
Water loss from transpiring detached leaves was then determined by monitoring the 
decrease in the weight of the leaf-containing vials at 30 minute intervals. 
 
    Abscisic acid (ABA) is an endogenous anti-transpirant hormone known to promote rapid 
stomatal closure in numerous plant species (Pei et al, 2000).  In wild-type Columbia, leaves 
treated with ABA exhibited a marked and rapid reduction in transpirational water loss when 
compared to non-ABA treated control leaves, thus confirming the sensitivity of the 
transpiration assay (Figure 5-8A).  Similarly, treatment with the active flg22 peptide (1µM) 
caused a marked reduction in leaf water loss within 1 hour of application when compared to 
non-treated controls (Figure 5-8A). Unlike the observed ABA-induced reduction in 
transpiration, the flg22-mediated reduction in transpiration appeared to be transient in 
nature with transpiration returning to almost control levels following the 2 hour 
experimental period.  
 
  Similar to wild-type, leaves of the ahk5-1 (Col-0) mutant exhibited a significant reduction in 
transpiration following ABA treatment when compared to non-treated controls (Figure 
5-8B).  In consistency with this, stomata of the ahk5-1 mutant have been shown to respond 
to ABA in a similar manner to wild-type (Desikan et al, 2008).  However, following treatment 
of ahk5-1 leaves with the active flg22 peptide, transpirational water loss was found not to 
differ significantly from that of non-treated controls (Figure 5-8B).  This result is in keeping 
with the known flg22 insensitivity of ahk5-1 stomata (Desikan et al., 2008). 
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Figure 5-8 - Time course change in water loss by transpiration following treatment with ABA or the active flg22 peptide   
                                                                                                                                                                                                                                  
Leaves of Col-0 (A) and ahk5-1 (Col-0) (B) were detached and the petiole immersed in water (control), 10µM ABA, or 1 µM 
flg22. Transpirational water loss was assessed gravimetrically by monitoring the change in weight of the leaf containing 
vials at 30 minute intervals.  Means ±SE for 10 leaves are shown.  The experiment was repeated twice with similar results.  
*  indicates a significant difference as compared to corresponding time-point control  as assessed by Two-Way ANOVA 
(P<0.05)
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   Similar to ahk5-1 (Col-0), bacterial populations were quantified in ahk5-3 (Ws-4) mutants 
following spray inoculation.  Assessment of populations at 1 d.p.i revealed that bacterial 
populations in the ahk5-3 mutant were significantly less than those of their Ws-4 wild type 
counterparts (p=0.0269, One-way ANOVA followed by Tukey’s post hoc test) and were 
statistically similar to those of the Ws/FLS2 complemented line (Figure 5-9). However, by 2 
d.p.i , populations in the wild-type Ws-4 and the ahk5-3 (Ws-4) mutant were not found to 
differ significantly. This would thus suggest that following surface spray inoculation, AHK5 
mutation in the Wassilewskija has significant effect on bacterial populations at the early 
stages of infection, however in contrast to the ahk5-1 mutation where pre-invasive defence 
appears to be compromised, in plants of the ahk5-3 mutant, pre-invasive bacterial defence 
appears to be enhanced.  This decreased susceptibility to bacterial infection observed in the 
ahk5-3 mutant following spray inoculation could likely be consequence of restored flg22-
sensitivity in stomatal guard cells of the ahk5-3 (Ws-4) mutants (Desikan, unpublished 
results).  Attempts were made to verify the flg22 stomatal phenotype of the ahk5-3 mutant 
using the detached leaf transpiration assay (as described for ahk5-1 on page 178) however 
plants of both the wild-type Ws-4 and ahk5-3 (Ws-4) mutant exhibited pronounced wilting 
symptoms not seen in wild-type Col-0 or the ahk5-1 (Col-0) mutant thus making assessment 
of transpirational water loss impossible.  
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Figure 5-9 - Bacterial Growth at 1 and 2  d.p.i in Ws-4, ahk5-3 (Ws-4)  and Ws/FLS2 (Ws-0) plants following spray inoculation with Pst DC3000 
 
Wild-type Wassilewskija (Ws-4) and ahk5-3 (Ws-4) plants were spray inoculated with
 
Pst DC3000 bacteria at approximately 5 × 10
8
 c.f.u. ml
-1.
.  Bars represent the mean bacterial number 
expressed as the log10 of c.f.u/cm
2
 ± SE 1 and 2 d.p.i.  Data was obtained from 3 independent experiments with 10 biological repeats.   Different letters indicate significant differences 
between means as assessed by One-Way ANOVA followed by Tukey’s post hoc test.   Shared letters indicate no significant difference. 
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5.2.2 Ethylene receptor function in bacterial defence 
 
5.2.2.1 Assessment of post-invasive bacterial disease resistance in etr1 mutants 
 
  The involvement of ETR1 in post-invasive bacterial disease resistance was tested via 
assessment Pst DC3000 population growth following syringe inoculation.  Populations were 
assessed in both the dominant gain-of-function ethylene insensitive mutant etr1-1 and the 
ETR1 loss-of-function etr1-7 mutant, shown to exhibit exaggerated ethylene responses 
(Cancel & Larsen, 2002).  When compared to wild-type plants, the etr1-1 mutant was found 
to exhibit significantly enhanced susceptibility to bacterial challenge as shown in Figure 5-10 
below.  At 2 d.p.i, populations were found to be over a log fold higher than wild-type plants 
(p=0.0001 t-test).  Similarly, at 4 d.p.i bacterial populations in leaves of the etr1-1 were 
significantly higher than in wild-type. However, between 4 and 6 d.p.i, etr1-1 populations 
were found to decrease, whilst populations in wild-type plants continued to grow over the 
same time-frame.  This drop in bacterial population in the etr1-1 mutant is likely 
attributable to host cell-death in infected plant tissue at the late stages of pathogenesis thus 
reducing available nutrients for pathogen growth. 
 
                   
Figure 5-10 - Bacterial growth in wild-type Col-0 and etr1-1 (Col-0) plants following syringe inoculation with Pst DC3000 
 
Wild-type Columbia and etr1-1 mutant plants were syringe inoculated with Pst DC3000 bacteria at approximately 1x10
5
 
c.f.u. ml
-1
. 
 
Bacterial populations were quantified at 2, 4 and 6 days post infection. Bars represent the mean bacterial 
number expressed as the log10 of c.f.u/cm
2
 ± SE. Data was obtained from 3 independent experiments with 10 biological 
repeats. * < p<0.05   ***  p< 0.001 (t-test) versus Columbia at the same timepoint. 
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  This increased susceptibility of the ethylene insensitive etr1-1 mutant suggests that 
ethylene perception may be required for post-invasive bacterial disease resistance.  
 
  Bacterial population growth in the loss-of-function etr1-7 mutant was similarly analysed. At 
2 d.p.i a small but significant increase in bacterial populations was observed in etr1-7 plants 
when compared to their wild-type counterparts (p=0.0378, t-test) (Figure 5-11).  Similarly at 
4 d.p.i, populations in the etr1-7 mutant were found to be significantly higher than their 
wild-type counterparts, however by 6 d.p.i the populations in wild-type and mutant plants 
did not differ significantly.  Thus in plants of both the ethylene-insensitive etr1-1 and 
ethylene-hypersensitive etr1-7 mutants, post-invasive defence against Pst DC3000 is 
compromised.   Given that etr1-1 is ethylene insensitive and etr1-7 is ethylene 
hypersensitive, it would seem that rather than bacterial resistance being dependent on 
ethylene perception, it may dependent on the presence of a functional ETR1 receptor.  
             
 
Figure 5-11 - Bacterial growth in wild-type Col-0 and etr1-7 (Col-0) plant following syringe inoculation with Pst DC3000 
Wild-type Columbia and etr1-7 mutant plants were syringe inoculated with Pst DC3000 bacteria at approximately 1x10
5
 
c.f.u. ml
-1. 
Bacterial populations were quantified at 2, 4 and 6 days post infection.  Bars represent the mean bacterial 
number expressed as the log10 of c.f.u/cm
2
 ± SE. Data were obtained from 3 independent experiments with 10 biological 
repeats.   * p<0.05,  (t-test) versus Columbia control at the same timepoint.   
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5.2.2.2 Assessment of flagellin-triggered defences in etr1 mutants 
 
  Similar to ahk5 mutants, flg22-triggered immunity as assessed by flg22-mediated 
resistance to Pst DC3000 was analysed in the etr1-1 mutant.  Flg22 was infiltrated 24 hours 
prior to syringe inoculation with Pst DC3000 and bacterial populations scored 2 d.p.i (Figure 
5-12).  The FTI level observed in leaves of the etr1-1 mutant was thus quantified as being 
0.36 log-fold lower than that of the corresponding wild-type Columbia line (Table 5.12B).  
However, statistical comparison with the FTI level observed in wild-type plants revealed the 
difference to be non-significant (p=0.151 t-test).   
 
          
Figure 5-12 - Quantification of flg22-triggered immunity (FTI) in plants of wild-type Columbia (Col-0) and etr1-1 (Col-0) 
Leaves of wild-type Columbia and etr1-1 mutant plants were pre-treated with either flg22
A.tum 
(control) or
 
flg22 by syringe 
infiltration. After 24 hours the leaves were syringe inoculated with
 
Pst DC3000 bacteria at approximately 1x10
5
 c.f.u. ml
-1
. 
Bacterial growth was assessed 2d.p.i  as shown in Figure A. Bars represent the mean bacterial number expressed as the 
log10 of c.f.u/cm
2
 ± SE.   FTI was defined as the difference in bacterial number between flg22 
A.tum
 and flg22-pretreated 
leaves expressed in log10 c.f.u./cm
2 
as shown by arrows.  The FTI level of the etr1-1 mutant was then compared with that 
of Col-0 using a two-tailed-t-test to obtain a p-value as shown Table 5.12 B.  Data were obtained from 3 independent 
experiments with 10 biological repeats.  
 
  
 Flg22-triggered defences were similarly analysed in the etr1-7 mutant (Figure 5-13A). The 
FTI level observed in the etr1-7 mutant was quantified as being 0.15 log-fold more than that 
of wild-type however statistical analysis revealed this to be non-significant (p=0.3332. t-
test). 
B) 
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Figure 5-13 - Quantification of flg22-triggered  immunity (FTI) in plants of wild-type Columbia (Col-0) and etr1-7 (Col-0) 
 
Wild-type Columbia and etr1-7 mutant plants were pretreated with either flg22 or flg22
A.tum
 by leaf infiltration 1 day before 
syringe inoculation with Pst DC3000 bacteria at approximately 1x10
5
 c.f.u. ml
-1
. Bacterial growth was assessed 2 d.p.i as 
shown in Figure A.    Bars represent bacterial number expressed as the log10 of c.f.u/cm
2
 ± SE. FTI was defined as the 
difference in bacterial number between flg22 
A.tum
 and flg22-pretreated leaves expressed in log10 c.f.u./cm
2 
as shown by 
arrows. The FTI level of the etr1-7 mutant was then compared with that of Col-0 using a two-tailed-t-test to obtain a p-
value as shown in Table 5.13B.  Data were obtained from 3 independent experiments with 10 biological repeats.    * 
p<0.05,  FTI (t-test) versus that of Columbia control.   
 
 
    In order to further determine the effect of etr1-1 and etr1-7 mutation on flg22-mediated 
defences, flg22-mediated callose deposition was analysed in etr1 mutants (Figure 5-14A and 
B).   Quantification revealed that whilst etr1-1 callose deposition in control (flg22 A.tum) 
treated leaves did not differ significantly from that of wild-type Columbia, callose deposition 
in response to flg22 was dramatically compromised in the etr1-1 mutant, it being almost 
50% of the levels observed in wild-type plants (p<0.0001, One-way ANOVA followed by 
Tukey’s post hoc test) (Figure 5-14C and D).  In contrast, flg22-mediated callose deposition 
was found to be significantly enhanced in the ethylene hypersensitive etr1-7 mutant, with 
approximately 50% more callose deposition observed as compared to wild-type plants 
(p<0.0001, One-way ANOVA followed by Tukey’s post hoc test) (Figure 5-14C and D).  This 
would thus suggest that ethylene acts as a positive regulator of flg22-mediated callose 
deposition.   
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A)   Control (1µM flg22 A.tum)    
 
   
 
 B)   flg22 1µM 
 
 
    
 
 
 
                           Col-0                                etr1-1                          etr1-7  
                           Col-0                                etr1-1                          etr1-7  
C)  Control  (1µM flg22 A.tum)  
D)  flg22 1µM 
Figure 5-14 - Callose deposition in Col-0 and etr1 mutant leaves following flg22 treatment 
Mature Col-0 and etr1 mutant leaves were syringe-infiltrated with 1µM flg22 
A.tum 
(Control) or 1 µM flg22.  After 24 
hours, leaves were detached and stained with aniline blue.    Leaves were then examined using ultraviolet 
epifluorescence microscopy. Images of representative control (A) and flg22 (B) treated leaves are shown.   
Quantification of the extent of callose deposition in control (C) and flg22 (D) treated leaves was carried out using 
Image J software.  Bars represent the average percentage area of callose deposition per 0.59mm
2
 field of view (as 
shown in A and B).. Error bars represent the standard error of 24 leaf regions (4 fields of view from 6 different 
leaves). Scale bar = 100µm. Different letters indicate significant differences between means as assessed by One-way 
ANOVA followed by Tukey’s post hoc test.    
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5.2.3 Cytokinin receptor function in bacterial defence 
 
5.2.3.1 Assessment of post-invasive defences in cytokinin-receptor mutants 
 
  Having identified a role for the AHK2 cytokinin receptor in mediating flg22-mediated 
growth inhibition (see section 3.3.4) it was hypothesised that other flg22-mediated 
responses may be compromised in the ahk2 mutant.  It has recently  been shown that the 
ahk2,ahk3 double mutant exhibits enhanced susceptibility to Pst DC3000 infection (Choi et 
al, 2010); however the contribution of each of the two receptors remains unknown.  We 
therefore set to determine the individual role of each of the three cytokinin receptors in 
post-invasive bacterial defence. T-DNA insertion mutants of the three cytokinin receptor 
mutants (as shown earlier in Figure 3-17) were screened for susceptibility to Pst D3000 
following syringe inoculation.   
 
   Interestingly all three mutants (ahk2-2, ahk3-3 and ahk4-12) were found to exhibit 
enhanced susceptibility to bacterial infection when compared to wild-type plants; however, 
the population dynamics in each of the three mutants varied dramatically. In the plants of 
the ahk2-2 mutant, populations at 2 d.p.i were found to be similar to those of wild-type 
plants; however by 4 d.p.i the populations in the mutant were over 0.5 log-fold higher 
(p=0.0156, t-test) (Figure 5-15).  This would suggest that AHK2 may play a role in mediating 
bacterial defence responses at the later stages of infection. In contrast, bacterial numbers in 
the ahk3-3 mutant were found to be approximately 0.75 log-fold higher than that observed 
in wild-type plants at 2 d.p.i (Figure 5-16) (p= 0.0001, t-test) with populations at 4 days post 
infection remaining at levels similar to that observed at day 2 post infection.  Similarly, 
bacterial numbers in mutants of the ahk4-12 were found to be markedly higher at 2 days 
post infection (p= 0.0002, t-test) however, a dramatic crash in population was observed 
between day 2 and day 4 suggesting continued uncontrolled bacterial multiplication  and 
consequent host cell death in ahk4 mutant plants (Figure 5-17).  Thus AHK3 and AHK4 
appear to contribute to bacterial disease resistance at the earlier steps in the infection 
process.  
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Figure 5-15 - Bacterial growth in wild-type Col-0 and ahk2-2 (Col-0) plants following syringe inoculation with Pst DC3000 
 
Wild-type Columbia and ahk2-2 mutant plants were syringe inoculated with Pst DC3000 bacteria at approximately 1x10
5
 
c.f.u. ml
-1. 
Bacterial populations were quantified at 2, 4 and 6 days post infection.  Bars represent bacterial number 
expressed as the log10 of c.f.u/cm
2
 ± SE. Data was obtained from 3 independent experiments with 10 biological repeats.   * 
p<0.05, (t-test) versus Columbia control at the same timepoint.   
 
 
 
Figure 5-16 - Bacterial growth in wild-type Col-0 and ahk3-3 (Col-0) plants following syringe inoculation with Pst DC3000 
 
Wild-type Columbia and ahk3-3 mutant plants were syringe inoculated with
 
Pst DC3000 bacteria at approximately 1x10
5
 
c.f.u. ml
-1. 
Bacterial populations were quantified at 2, 4 and 6 days post infection. Bars represent bacterial number 
expressed as the log10 of c.f.u/cm
2
 ± SE. Data was obtained from 3 independent experiments with 10 biological repeats.   
*** p<0.001, (t-test) versus Columbia control at the same timepoint. 
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Figure 5-17 - Bacterial growth in wild-type Col-0 and ahk4-12 (Col-0) plants  syringe inoculated with Pst DC3000 
 
Wild-type Columbia and ahk4-12 mutant plants were syringe inoculated with Pst DC3000 bacteria at approximately 1x10
5
 
c.f.u. ml
-1.  
Bacterial populations were quantified at 2, 4 and 6 days post infection.  Bars represent bacterial number 
expressed as the log10 of c.f.u/cm
2
 ± SE. Data was obtained from 3 independent experiments with 10 biological repeats.   
*** p<0.001, (t-test) versus Columbia control at the same timepoint.  
 
5.2.3.2 Assessment of flg22-mediated defences in cytokinin receptor mutants 
 
  Having identified a role for each of the three cytokinin receptors in bacterial disease 
resistance, flg22-mediated defences were analysed in wild-type and mutant plants.  Despite 
enhanced susceptibility to Pst DC3000, FTI levels in each of the mutants were not found to 
differ significantly from wild-type (Figure 5-18).  Although an increase in FTI level was 
observed in the ahk3-3 mutant when compared to wild-type statistical analysis revealed this 
difference to be non-significant (p=0.2409, t-test) (Table 5.18B).  However callose levels in 
flg22 treated plants were found to be significantly higher in the ahk3-3 mutant when 
compared to wild-type plants (Figure 5-19B and D).  This suggests that AHK3 acts to 
negatively regulate flg22-mediated callose deposition.  Contrastingly however, when 
infiltrated with the inactive flg22 A.tum peptide, significantly less callose deposition was 
observed in the ahk3-3 mutant than in wild-type (Figure 5-19A and C) thus suggesting this 
mutant to be compromised in wound-induced callose deposition.  Mutants in AHK2 and 
AHK4 were however found to exhibit wild-type levels of callose in both control and in flg22-
treated leaves (Figure 5-19C and D).
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Figure 5-18 - Quantification of flg22-triggered immunity (FTI) in plants of wild-type Columbia (Col-0), ahk2-2 (Col-0), ahk3-3 (Col-0) and ahk4-12 (Col-0) 
 
Wild-type Columbia and ahk mutant plants were pretreated with either flg22 or the inactive analogue flg22
A.tum
 by leaf infiltration 1 day before syringe inoculation with Pst DC3000 bacteria at 
approximately 1x10
5
 c.f.u. ml
-1
. Bacterial growth was assessed 2 day post bacterial infection as shown in Figure A.    Bars represent the mean log10-transformed number of c.f.u/cm2± SE.  FTI 
was defined as the difference in bacterial number between flg22 
A.tum
 and flg22-pretreated leaves expressed in log10 c.f.u./cm
2 
as shown by arrows. The FTI level of the mutants was then 
compared with that of Col-0 using a two-tailed-t-test to obtain a p-value as shown in Table 5.18B.  Data was obtained from 3 independent experiments with 10 biological replicates. 
 
 
 
B) 
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A)   Control (1µM flg22 A.tum)    
 
     
 
 
 B)   flg22 1µM 
 
    
                 Col-0                  ahk-2-2                 ahk3-3                ahk4-12 
                 Col-0                  ahk-2-2                 ahk3-3                ahk4-12 
C)  Control  (1µM flg22 A.tum)  
D)  flg22 1µM  
Figure 5-19 - Callose deposition in Col-0 and cytokinin receptor mutant leaves following flg22 treatment 
Mature Col-0 and ahk mutant leaves were syringe-infiltrated with 1µM flg22 
A.tum 
(Control) or 1µM flg22.  
After 24 hours, leaves were detached and stained with aniline blue.    Leaves were then examined using 
ultraviolet epifluorescence. Images of representative control (A) and flg22 (B) treated leaves are shown.   
Quantification of the extent of callose deposition in control (C) and flg22 (D) treated leaves was carried out 
using Image J software. Bars represent the average percentage area of callose deposition per 0.59mm
2
 field 
of view (as shown in A and B).   Error bars represent the standard error of 24 leaf regions (4 fields of view 
from 6 different leaves). Scale bar = 100µm. Different letters indicate significant differences between means 
as assessed by One-way ANOVA followed by Tukey’s post hoc test. 
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5.2.4 Results Summary 
 
AHK5 function in bacterial defence 
 
- ahk5 mutants exhibit enhanced susceptibility to Pst DC3000 infection by syringe 
inoculation. 
- AHK5 does not appear to be a requirement for flg22-mediated post-invasive defences 
as determined by analysis of flg22-mediated callose deposition and assessment of FTI. 
- In the Columbia ecotype, AHK5 mutation confers enhanced bacterial susceptibility to 
bacterial infection.  
- In the Wassilewskija ecotype, the AHK5 mutation confers reduced bacterial 
susceptibility following spray inoculation.  
 
ETR1 function in bacterial defence 
 
- etr1-1 and etr1-7 mutants exhibit enhanced susceptibility to Pst DC3000 infection by 
syringe inoculation. 
- The FTI level in the etr1-1 and etr1-7 mutant did not significant differ from wild-type.   
- In response to flg22 treatment, etr1-1 mutants exhibit significantly reduced callose 
deposition, whilst etr1-7 mutants exhibit significantly enhanced callose deposition 
when compared to wild-type. 
 
Cytokinin receptor function in bacterial defence 
 
- ahk2-2, ahk3-3 and ahk4-12 mutants exhibit enhanced susceptibility to Pst DC3000 
infection by syringe inoculation. 
- ahk2-2, ahk3-3 and ahk4-12 mutants exhibit a wild-type FTI level as measured by 
flg22-mediated restriction of subsequent pathogen growth. 
- ahk3-3 mutants exhibit significantly enhanced callose deposition in response to the 
flg22 peptide when compared to wild-type. 
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5.3 Discussion   
 
5.3.1 ahk5 mutants exhibit enhanced bacterial susceptibility  
 
  In attempt to identify a role for AHK5 in post-invasive bacterial defence, susceptibility to 
the virulent Pst DC3000 was assessed in wild-type and ahk5 mutants following bacterial 
syringe inoculation.  Mutants of the ahk5-1 mutant were found to exhibit enhanced 
bacterial susceptibility, supporting significantly higher bacterial growth than their wild-type 
counterparts at 2 days post infection (Figure 5-1).  Enhanced bacterial susceptibility was 
similarly observed in the ahk5-3 mutant of the Wassilewskija (Ws) ecotype (Figure 5-2) 
thereby confirming the phenotype is due to mutation in AHK5 and independent of ecotype 
background.  Together these data suggest that AHK5 is a positive regulator of post-invasive 
bacterial defence. 
  
  It was noted that when compared to their wild-type counterparts, the enhanced 
susceptibility of the ahk5 mutants was greater in the Wassilewskija background.  As 
consequence of FLS2 deficiency the Ws ecotype has been shown to exhibit enhanced 
bacterial susceptibility when compared to other ecotypes (Forsyth et al, 2010).  Thus in the 
ahk5-3 mutant, the loss of function of AHK5 in combination with the absence of a functional 
FLS2 may account for the high bacterial susceptibility of this mutant.  Given the known role 
of AHK5 in mediating flg22-induced  stomatal closure (Desikan et al, 2008) we set to 
determine whether the enhanced susceptibility observed in the ahk5 mutant could be a 
consequence of compromised flg22-mediated defence. 
 
5.3.2 AHK5 is not a requirement for post-invasive flg22-mediated defences 
 
  In order to determine the role of AHK5 in mediating flg22-mediated defence, flg22-
mediated callose deposition was analysed in wild-type and ahk5 mutant plants.  In ahk5-1 
(Col) mutants flg22-mediated callose deposition was observed at a similar level to that in 
wild-type Columbia plants (Figure 5-4).  In keeping with the observed callose deposition 
phenotype, levels of flagellin-triggered immunity in the ahk5-1 (Col) mutant were not found 
to differ significantly from wild-type Columbia (Figure 5-3).  Thus the ahk5-1 mutant appears 
to exhibit a flg22 sensitivity similar to that of wild-type Columbia.  
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   No callose deposition above control levels was observed following flg22 treatment of wild-
type Ws plants, confirming the flg22 insensitivity of this ecotype.  Similarly no flg22-
mediated callose deposition was observed in ahk5-3 (Ws-4) mutants (Figure 5-6).   In plants 
of the Ws ecotype and similarly in the ahk5-3 (Ws-4) mutant, no significant reduction in 
bacterial number was observed following pre-treatment with flg22 (Figure 5-5).  It would 
thus appear that ahk5 mutants exhibit an apoplastic flg22-sensitivity similar to their wild-
type counterparts.  Thus the enhanced susceptibility of ahk5 mutants to bacterial challenge 
as shown in Figure 5-1 and Figure 5-2 is not likely a consequence of altered flagellin 
sensitivity.  This would suggest that the contribution of AHK5 to post-invasive bacterial 
defence does not likely depend on the presence of an FLS2 receptor.   
 
   It was however noted that when ahk5-1 plants were pre-infiltrated with the inactive flg22 
A.tum peptide and subsequently Pst DC3000, they were found to exhibit a bacterial sensitivity 
similar to wild-type plants (Figure 5-3).  This was surprising as following infiltration with 
bacteria alone, ahk5-1 mutants were found to exhibit enhanced bacterial susceptibility 
(Figure 5-1).  It would thus appear that pre-treatment with the inactive flg22A.tum peptide can 
mask the observed enhanced bacterial susceptibility of the ahk5-1 mutant.  The mechanism 
by which this occurs remains unknown although it could be attributed to wounding induced 
by peptide infiltration.  Wounding provides a pathway for pathogen invasion and studies 
have shown that wounding regulates a number of genes that play a role in pathogen 
defence (Cheong et al, 2002).   Wounding may prime plant defences thus masking the effect 
of the ahk5-1 mutation on bacterial disease resistance.  Interestingly it has recently been 
shown that FLS2 expression is enhanced upon wounding (Mersmann et al, 2010).  It could 
therefore be that wound-induced elevation of FLS2 levels acts to mask the enhanced 
bacterial susceptibility of the ahk5-1 mutation. This could explain why the ahk5-3 
phenotype was not masked following flg22A.tum pretreatment in the Ws ecotype (Figure 5-5). 
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5.3.3 Assessment of pre-invasive defences in ahk5 mutants 
 
  Stomatal closure in response to flg22 perception has been shown to act as an integral part 
of Arabidopsis innate immunity playing a vital role in restricting bacterial entry thus 
preventing successful colonisation of host tissues (Zeng & He, 2010).  The ahk5-1 mutant has 
been shown to exhibit stomatal insensitivity to both the flg22 peptide and live bacteria 
(Desikan et al, 2008).  It was therefore hypothesised that following spray inoculation of 
ahk5-1 plants with bacterial suspension, a greater number of bacteria would be able to 
cross the plant epidermis thus increasing the probability of large apoplastic populations. The 
fls2-8 mutant has been shown to exhibit bacterial stomatal insensitivity and consequently 
exhibits enhanced susceptibility to bacterial infection following surface inoculation as 
verified in Figure 5-7  (Zeng & He, 2010).  Similarly, at 1 day post infection, plants of the 
ahk5-1 mutant were found to exhibit significantly higher bacterial populations that those of 
their wild-type Columbia counterparts (Figure 5-7).  However, unlike the fls2-8 mutant, 
enhanced bacterial susceptibility was not observed at the later 2 day post infection 
timepoint. This would suggest that in the Columbia background AHK5 plays a prominent role 
in early defence following surface bacterial challenge.  This would be consistent with the 
known requirement of AHK5 for flg22-mediated stomatal closure as substantiated by whole-
leaf transpiration assay (Figure 5-8).  Like ahk5-1 mutants, the fls2-8 mutant is known to 
exhibit flg22 stomatal insensitivity (Zeng & He, 2010) however, in contrast to ahk5-1, 
bacterial populations in the fls2-8 mutant were found to be significantly higher than wild-
type both day 1 and day 2 timepoints.  This would be consistent with the known 
requirement of FLS2 for flg22-mediated post-invasive defence (Zipfel et al, 2004).  In 
contrast to fls2-8, the data presented here shows that whilst flg22-mediated stomatal 
closure is compromised in the ahk5-1 mutant, flg22-mediated callose and other flg22-
mediated post-invasive defences (as assessed by analysis of FTI) are still active in the ahk5-1 
mutant (Figure 5-3 and Figure 5-4).  The requirement of AHK5 for flg22-mediated pre-
invasive defences but not post-invasive defences could explain the requirement of AHK5 at 
only the early stages of bacterial infection following surface inoculation.  This explanation is 
however hard to reconcile with the observation that ahk5-1 mutants exhibit enhanced 
susceptibility to bacterial infection following syringe inoculation (Figure 5-1) suggesting a 
role for AHK5 in other non-flg22 mediated post-invasive defences. It could however be that 
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the effect of ahk5-1 mutation on post-invasive defence is dependent on the concentration 
of bacteria present in the apoplast.  The number of bacteria entering the apoplast via 
stomata following spray inoculation is likely to be dramatically lower than the inocula used 
for syringe inoculation.      
    Following surface inoculation via rubbing, enhanced bacterial populations were similarly 
observed in the ahk5-1 mutant (Pham et al, 2012).  Enhanced bacterial populations were 
found to correlate with reduced levels of the hormones ABA, JA and SA at 2, 4 and 6 days 
post infection (Pham et al, 2012).  The hormones SA and ABA have both been shown to play 
a prominent role in mediating flg22 and hence bacterial induced stomatal closure (Zeng et 
al, 2011; Zeng & He, 2010).  However, when surface inoculated with bacteria, stomatal 
closure was observed in wild-type plants at 3 hours post inoculation, with hormonal changes 
likely to precede this closure (Desikan et al, 2008).  The differential bacterial stomatal 
sensitivity of the wild-type and ahk5-1 mutants (Desikan et al, 2008) is therefore unlikely to 
be as consequence of the differences in hormonal content observed in wild-type and ahk5-1 
plants at several days post bacterial inoculation.  Rather, the differential hormonal content 
observed in ahk5-1 mutants following surface bacterial challenge may offer an explanation 
for the enhanced susceptibility of ahk5 mutants to bacterial infection observed following 
syringe inoculation as following stomatal entry, surface-inoculated bacteria must multiply in 
the apoplast.  For example SA, found to be greatly reduced in the ahk5-1 mutant following 
surface inoculation (Pham et al, 2012), is known to play a prominent role in mediating post-
invasive defence against biotrophic pathogens (Glazebrook, 2005).   However, the 
differential inoculation methods and inoculum concentrations used make comparison of 
hormonal responses with bacterial growth observed in this study difficult.  
 
     In contrast to ahk5-1, leaves of the ahk5-3 mutant have been shown to exhibit stomatal 
sensitivity to flg22, despite the ahk5-3 mutant being in the flg22 insensitive Ws ecotype 
(Desikan unpublished data).  Interestingly, the effect of stomatal flg22 sensitivity appears to 
be reflected by reduced bacterial number in the ahk5-3 mutant at 1 day post spray 
inoculation (Figure 5-9).  By this time-point bacterial populations in the ahk5-3 mutant were 
found to be almost 1 log fold lower than those in the wild-type Ws.  Thus despite exhibiting 
enhanced bacterial susceptibility following syringe inoculation (Figure 5-2) the ahk5-3 
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mutant exhibits reduced susceptibility following spray inoculation.  This would suggest that 
in the Ws ecotype, AHK5 plays distinct roles in pre-invasive and post-invasive defences.  It is 
likely its role as positive regulator of pre-invasive defence is a consequence of restored flg22 
stomatal sensitivity in the Ws ecotype (Desikan, unpublished results).  
    
5.3.4 etr1 mutants exhibit enhanced susceptibility to bacterial infection 
 
   Ethylene produced following pathogen attack is thought to act as a stimulus for plant 
defences by regulating a wide-range of defence-associated genes (Ohme-Takagi et al, 2000).   
It was therefore set to determine whether ETR1 ethylene receptor function may be required 
for post-invasive bacterial defence.  Enhanced Pst DC3000 susceptibility was observed in 
leaves of the ethylene-insensitive etr1-1 mutant (Figure 5-10).  This is in consistency with 
observations from other groups (Bent et al, 1992; Ton et al, 2001) and in agreement with 
the reported enhanced susceptibility of ethylene-insensitive ein2-1 mutants to Pst DC3000 
infection (Clay et al, 2009).  These data would thus suggest that ethylene may act as a 
positive regulator of bacterial disease resistance.  However, like the dominant etr1-1 
mutant, the ETR1 loss-of-function mutant etr1-7, was similarly found to exhibit enhanced 
susceptibility to Pst DC3000 (Figure 5-11).  The etr1-7 mutant is known to be ethylene 
hypersensitive and has been shown to exhibit increased expression of ethylene-regulated 
genes in leaves following treatment with exogenous ethylene (Cancel & Larsen, 2002).  Thus 
both the ethylene-insensitive etr1-1 mutant and the ethylene-hypersensitive ETR1 loss-of-
function mutant etr1-7 confer enhanced susceptibility to bacterial infection.  This would 
thus suggest that the observed bacterial susceptibility of the etr1 mutants may be 
independent of ethylene action but rather dependent on ETR1 function.   In attempt to 
elucidate the mechanisms by which ETR1 mutation may confer enhanced bacterial 
susceptibility, flg22-mediated defences were analysed in the etr1 mutants.  
 
5.3.5 Ethylene contributes to flagellin-mediated post-invasive defence 
 
  The effect of flg22 pre-treatment on bacterial immunity, as measured by restriction of 
bacterial growth, was analysed in wild-type and etr1 mutant plants.  In leaves of the 
ethylene-insensitive mutant etr1-1, flg22-triggered immunity was partially compromised 
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although statistical analysis revealed this difference to be non-significant (Figure 5-12).  
Conversely, flg22-mediated immunity in the ethylene hypersensitive etr1-7 mutant was 
enhanced however again statistical analysis revealed this to be non-significant (Figure 5-13).  
Surprisingly however, despite the etr1-1 and etr1-7 mutations have no significant effect on 
flg22-mediated immunity to subsequent bacterial infection, in leaves of the ethylene-
insensitive etr1-1 mutant, flg22-mediated callose deposition was found to be compromised 
with around 50% the level of callose deposition as that observed in wild-type plants (Figure 
5-14).  Conversely in leaves of the etr1-7 mutant, flg22-mediated callose deposition was 
found to be enhanced with around a 50% increase in levels compared to wild-type.  Levels 
of callose deposition in mock-inoculated plants, assumed to be wound induced (Jacobs et al, 
2003), did not differ significantly from wild-type in either mutant (Figure 5-14).  Similar to 
seedlings, flg22 is known to rapidly stimulate ethylene production in leaves (Bauer et al, 
2001).  Given the ethylene-insensitivity of the etr1-1 mutant (Bleecker et al, 1988) and 
ethylene hypersensitivity of the etr1-7 mutant (Cancel & Larsen, 2002) it was therefore 
speculated that flg22-mediated callose deposition may be mediated via flg22-induced 
ethylene production.  In agreement with this hypothesis it has been shown that flg22-
mediated callose deposition is similarly compromised in leaves of the ethylene-insensitive 
mutants ein2-5 (Boutrot et al, 2010) and ein3-4 (Chen et al, 2009).  It has however been 
shown that the ethylene precursor ACC cannot induce callose deposition in the absence of 
flg22 (Clay et al, 2009).  This would suggest that callose deposition is not mediated directly 
by ethylene but rather by ethylene-dependent flg22-mediated signalling.  The recent 
findings of Boutrot et al (2010) may offer a simple explanation.  They observed that in plants 
of ethylene-insensitive mutants such as etr1-1, in which flg22-mediated responses were 
found to be compromised, steady-state FLS2 transcript and protein levels were reduced 
(Boutrot et al, 2010). They subsequently found that the ethylene-stabilised transcription 
factor EIN3 can directly bind to the promoter of FLS2 mediating its transcriptional 
expression (Boutrot et al, 2010). Thus the level of endogenous ethylene appears to control 
the expression of FLS2 at the transcriptional level.  Reduced FLS2 levels observed in the 
ethylene-insensitive etr1-1 (Boutrot et al, 2010) could thus account for the decrease in 
flg22-mediated callose deposition observed in this mutant following flg22 treatment.  
Leaves of the etr1-7 mutant have been shown to exhibit higher expression levels of 
ethylene-related genes (Cancel & Larsen, 2002) and were found to exhibit higher levels of 
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the direct EIN3 target transcription factor ERF1 (Cho & Yoo, 2007).  It is therefore likely that 
the etr1-7 mutant also has higher endogenous levels of the EIN3 transcription factor.  Given 
that EIN3 can positively regulate expression of FLS2, it is therefore plausible the etr1-7 may 
exhibit higher levels of FLS2 than in wild-type plants. This could explain the enhanced callose 
deposition observed following flg22 treatment. This remains however to be tested.  
      
     However, whilst flg22-mediated callose is compromised in the etr1-1 mutant and 
enhanced in the etr1-7 mutant, this appears insufficient to impact significantly on flg22-
mediated resistance to bacterial challenge (Figure 5-12 and 5.13).  This was thought to be 
surprising as it has recently been shown that flg22-triggered resistance to Pst DC3000 is 
compromised in leaves of the ethylene-insensitive mutant ein2  thus suggesting that the 
reduced ethylene-responsiveness observed in this mutant may impact on activation of 
innate immunity (Boutrot et al, 2010).  It was however noted in a previous publication of 
shared author, that flg22-mediated immunity in the ein2 mutant did not differ significantly 
from wild-type (Zipfel et al, 2004).  Therefore there appears to be some discrepancy in the 
literature on the impact of ethylene on innate bacterial immunity.  It was however observed 
that although etr1-1 mutation was found to have no significant effect on FTI levels, 
following pre-treatment of etr1-1 leaves with the active flg22 peptide, the bacterial 
population counts observed were highly variable, ranging from 0.05 to 1 log fold less than 
those of control-treated leaves.  This population variation was much greater than that 
observed in flg22-pretreated leaves of wild-type Columbia plants as demonstrated by the 
standard error values obtained (shown as error bars in Figure 5-12).    
 
    The recent analysis of flg22-mediated immunity in multiple signalling mutants may offer 
an explanation for this observation. Analysis of flg22-triggered immunity in Arabidopsis 
quadruple mutants defective in DDE2 (DELAYED DEHISCENCE 2), EIN2 (ETHYLENE-
INSENSITIVE2), PAD4 (PHYTOALEXIN DEFICIENT 4) and SID2 (SALICYLIC ACID INDUCTION 
DEFICIENT 2), essential components of the jasmonic acid (JA), ethylene and salicylic acid (SA) 
pathways, revealed that whilst individual mutations have little effect on levels of FTI,  the 
signalling network defined by these four genes can account for approximately 80% of FTI 
(Tsuda et al, 2009).  It has thus been proposed that robust plant immunity is achieved via 
synergistic interaction between signalling pathways thus amplifying the signal (Tsuda et al, 
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2009).   As a result, restriction of pathogen growth is not dramatically affected following the 
loss of a single pathway however the simultaneous disruption of multiple signalling 
pathways leads to loss of immunity.  This may explain why FTI levels in the etr1-1 mutants 
were found not to differ significantly from wild-type (Figure 5-12).   
 
  Clearly however, other signalling pathways appear unable to compensate for a loss of 
flg22-induced callose deposition in the etr1-1 mutant.  Yet despite exhibiting 50% less flg22-
induced callose deposition when compared to wild-type (Figure 5-14), this was found to 
have no significant effect on flg22-mediated immunity to subsequent bacterial infection. 
This would suggest that callose deposition may not play a prominent role in restricting 
bacterial proliferation. Indeed in the etr1-7 mutant, flg22-mediated callose deposition was 
found to be significantly enhanced whilst paradoxically the etr1-7 mutant exhibits enhanced 
susceptibility to bacterial infection.  There are several possible explanations for this.  Pst 
DC3000 is known to display multiple PAMPs and flagellin has been shown to make only a 
quantitative contribution to overall levels of bacterial induced callose (Kim et al, 2005).  In 
plants lacking a functional FLS2 receptor, callose deposition  induced by TTSS-deficient Pst 
DC3000 was found to be reduced by approximately 30% when compared to plants of a wild-
type Columbia background (Kim et al, 2005).  It could therefore be that despite significantly 
enhanced flg22-mediated callose deposition  observed in the etr1-7 mutants this may be 
insufficient to significantly impact on overall levels of bacterial PAMP callose deposition. 
However, the role of ethylene in mediating callose deposition in response to other PAMPs 
such as LPS (Keshavarzi et al, 2004) and EF-Tu (Alvarez et al, 2008)  remains to be 
determined.  Alternatively effector mediated suppression of flg22-mediated defences may 
offer an alternative explanation  as to why the enhanced flg22-mediated callose deposition 
observed in the etr1-7 mutant is not reflected by changes in FTI.  Pst DC3000 has the ability 
to actively suppress callose deposition via the delivery of a number of bacterial effector 
proteins (Hauck et al, 2003).  Although the callose synthase gene PMR4 has been shown to 
make a contribution to flg22 mediated defence against the TTSS-deficient hrpC strain (Kim 
et al, 2005), the contribution of callose to defence against virulent Pst DC3000 remains 
unknown.  Flagellin-mediated callose deposition was assessed by infiltration of purified 
flg22 alone.  However, when Pst DC3000 is inoculated directly, bacterial effectors proteins 
delivered via the TTSS act to mediate effector-triggered suppression of PAMP-mediated 
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defences. Thus the contribution of flg22-mediated defence may be masked by such 
virulence effectors that have evolved to suppress it.  Indeed fls2 mutants were shown to 
exhibit a similar susceptibility to wild-type plants when syringe inoculated with Pst DC3000 
(Zipfel et al, 2004).  This would suggest that FLS2-mediated post-invasive defence does not 
play a major role in restricting bacterial apoplastic growth. This may thus explain why 
despite enhanced flg22-mediated callose deposition, etr1-7 mutants do not exhibit 
significantly enhanced flg22-triggered immunity to subsequent bacterial infection. 
 
 This cannot however explain why the etr1-7 mutant, and the etr1-1 mutant alike, exhibit 
enhanced susceptibility to Pst DC3000.  The loss-of-function etr1-7 mutant contains a stop 
codon at Trp-74 in the second hydrophobic domain and thus lacks both the HK and receiver 
domains required for HK function (as illustrated earlier in Figure 3-7).  However, the etr1-7 
mutation was identified as an intragenic suppressor of the etr1-1 dominant mutant.  Thus 
like the etr1-1 mutant, etr1-7 contains a Cys-65-Tyr mutation.  The ethylene receptor ETR1 
has been shown to play a dual role in stomatal guard cells, acting to perceive both ethylene 
and H2O2 (Desikan et al, 2005).  Whilst the ETR1 kinase domain is not required for H2O2-
mediated stomatal closure, the Cys-65 residue was found to be pivotal for guard-cell 
perception of H2O2 (Desikan et al, 2005).   It is thought that redox modification of the Cys65 
thiol group may be required for ETR1-mediated H2O2 signalling.  Whether ETR1 acts to 
perceive H2O2 in other cell-types remains unknown. Given the differential flg22 sensitivity of 
the etr1-1 and etr1-7 mutants (Figure 5-14) it would appear unlikely that Cys65 mediated 
ROS perception is required for flg22-mediated defence.   It is however possible that ETR1-
mediated H2O2 perception plays a contributory role in mediating bacterial disease 
resistance.  This could thus account for the enhanced bacterial susceptibility of both etr1-1 
and etr1-7 mutants.  However it should be noted that whilst the role of ROS in mediating 
defence against avirulent Pst DC3000 strains is well documented (Torres et al, 2002; Yun et 
al, 2011), the role of ROS in mediating bacterial defence in the absence of HR is poorly 
understood.  
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5.3.6 Cytokinin receptor mutants exhibit enhanced susceptibility to Pst DC3000 
 
  Treatment with the cytokinin zeatin has recently been shown to enhance resistance of 
Arabidopsis to Pst DC3000 (Choi et al, 2010).  Consistent with this, Choi et al (2010) found 
the ahk2,ahk3 double mutant to exhibit enhanced susceptibility to Pst DC3000.  Our data 
extends this study and would suggest that all three cytokinin receptors are individually 
required for full resistance to Pst DC3000 following syringe inoculation (Figure 5-15 to Figure 
5-17).  This was a surprising result for several reasons.  Choi et al 2010 demonstrated that 
application of cytokinin to the ahk2,ahk3 mutant could not rescue the susceptible 
phenotype.  This would thus suggest that the ahk2,ahk3 double mutant may be more 
susceptible to bacterial disease as a direct consequence of its cytokinin insensitivity 
(Nishimura et al, 2004).  However, whilst the double mutant is known to be insensitive to 
cytokinin, single cytokinin receptor loss-of-function T-DNA insertions lines have been shown 
to exhibit a wild-type cytokinin responsiveness in aerial plant  tissues (Higuchi et al, 2004).  
These data would thus suggest it unlikely that all three AHK loss-of-function mutations 
individually contribute to enhanced Pst DC3000 susceptibility as a consequence of reduced 
cytokinin sensitivity.   
 
  However similar to the ahk2,ahk3 double mutant, mutants defective in the downstream 
cytokinin response regulator ARR2 were shown to exhibit enhanced susceptibility to Pst 
DC3000 (Choi et al, 2010).  The cytokinin activated transcription factor ARR2 was 
subsequently shown to bind directly to the promoter of defence-regulated genes including 
genes involved in SA-signalling (Choi et al, 2010).  It has thus been proposed that cytokinins 
modulate SA signalling to augment post-invasive bacterial resistance (Argueso et al, 2012; 
Choi et al, 2010).  Via gel-shift assay it has been shown that ARR2 phosphorylation in 
response to CK is mediated specifically via AHK3 and not by AHK2 or AHK4 (Kim et al, 2006).   
Given that the phosphorylation of ARR2 is crucial for pathogen defence (Choi et al, 2010) 
and the cytokinin-dependent phosphorylation of ARR2 is specifically mediated by AHK3 (Kim 
et al, 2006), it is perhaps not surprising that loss-of-function AHK3 mutants exhibit 
dramatically enhanced susceptibility to Pst DC3000.  However whilst ARR2 phosphorylation 
in response to CK is mediated specifically via AHK3 (Kim et al, 2006) this may not necessarily 
be the case following bacterial challenge.  ARR2 contributes not only to cytokinin signalling 
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but also to ethylene signalling (Hass et al, 2004) known to be regulated following Pst 
DC3000 challenge (Mur et al, 2009).  Interestingly Choi et al (2010) noted that similarly to 
AHK3, both AHK2 and AHK4 could act synergistically with ARR2 to activate defence gene 
expression.  It could be that whilst ARR2 phosphorylation is primarily mediated via AHK3, 
AHK2 and AHK4 may also possess the ability to mediate ARR2 phosphorylation. The loss of a 
single receptor may thus be sufficient to alter ARR2-mediated phosphorylation and hence 
signalling output at different stages of the pathogen infection process.   
5.3.7 ahk3 mutants exhibit enhanced flg22-mediated callose deposition  
  Having identified a role for each of the three cytokinin receptors in mediating disease 
resistance, we set to determine whether flg22-mediated defences may be compromised.  
AHK2 and AHK4 loss-of-function mutants were found to exhibit a wild-type sensitivity to the 
flg22 peptide, suggesting that cytokinin perception via AHK2 and AHK4 is not a requirement 
for flg22-mediated callose deposition.  However, levels of flg22-mediated callose deposition 
were found to be exaggerated in the ahk3-3 mutant (Figure 5-19).  It was noted by Choi et al 
(2010) that flg22-mediated callose deposition was enhanced in transgenic plants 
overexpressing the cytokinin-biosynthetic IPT enzyme.  Conversely significantly lower levels 
of callose deposition were observed in plants overexpressing a cytokinin-oxidase, known to 
catalyse the degradation of active cytokinin (Choi et al, 2010).  This would thus suggest that 
cytokinin may be a key mediator of flg22-mediated callose deposition.   The analysis of 
endogenous cytokinin content in AHK loss-of-function mutants has revealed that whilst 
AHK2 and AHK4 loss-of-function mutants exhibit a similar cytokinin content to wild-type, 
seedlings of AHK3 loss-of-function mutant exhibit a two to threefold increase in the 
concentration of all zeatin metabolites (Riefler et al, 2006).  Why elevated cytokinin levels 
are observed in AHK3 loss-of-function mutants but not in other AHK loss-of-function 
mutants remains to be determined but the data presented here correlate with CK levels and 
flg22-mediated callose deposition being inter-dependent.  Despite enhanced flg22-
mediated callose deposition, seedlings of the ahk3-3 mutant were found to exhibit a similar 
FTI level to that of wild-type (Figure 5-18).  Thus whilst elevated levels of cytokinin may 
positively contribute to flg22-mediated callose deposition, this appears insufficient to 
impact significantly on FTI.  It was noted however, that whilst the ahk3-3 mutant exhibits 
significantly enhanced callose deposition in response to flg22, levels of callose deposition in 
204 
 
response to control treatment with the flg22 A.tum peptide were significantly reduced when 
compared to wild-type. This would suggest that the ahk3-3 mutant may be compromised in 
wound-induced callose deposition.  Both wound and flg22-induced callose deposition are 
mediated by the PMR4 callose synthase enzyme (Clay et al, 2009; Jacobs et al, 2003) thus 
the why the ahk3-3 mutation should confer reduced callose deposition in response to 
wounding but enhanced callose deposition in response to flg22 remains to be determined.  
 
   Interestingly, increased endogenous cytokinin in IPT-overexpressing plants was found to 
confer enhanced resistance to Pst DC3000 (Choi et al, 2010).  However conversely ahk3-3 
loss-of-function mutants were found to exhibit enhanced bacterial susceptibility (Figure 
5-16).  This may be because cytokinin-mediated pathogen resistance is dependent on the 
AHK3 mediated induction of defence genes such as the ARR2 activated PR1 (Choi et al, 
2010).  It would however appear that flg22-mediated callose deposition does not require a 
functional AHK3 signalling cascade. This could be due to redundancy with other cytokinin 
receptors. 
5.3.8 Conclusions 
 
   In keeping with the identified role of AHK5 in flg22-mediated stomatal closure, AHK5 
appears to play a prominent role in pre-invasive bacterial defence.  A role for AHK5 as 
positive regulator of post-invasive bacterial resistance was also identified however AHK5 
does not appear to contribute to flg22-mediated apoplastic defences in either the Columbia 
or Wassilewskija ecotypes.  
 
  Like ahk5-1, enhanced bacterial susceptibility following syringe inoculation was similarly 
observed in the ethylene-insensitive etr1-1 and ethylene hypersensitive etr1-7 mutants thus 
suggesting a requirement for ETR1 protein function in post-invasive defence. Flg22 
mediated callose deposition was found to be reduced in the ethylene-insensitive etr1-1 
whilst enhanced in ethylene hypersensitive etr1-7.  Thus whilst post-invasive bacterial 
disease resistance appears to be independent of ethylene action, ethylene appears to be a 
positive regulator of flg22-mediated callose deposition.  Analysis of flagellin-triggered 
immunity in etr1 mutants would however suggest the overall contribution of ethylene to 
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flg22-mediated defence is non-significant, likely as consequence of redundancy with other 
hormonal signalling pathways as suggested by Tsuda et al (2009).   
 
   Post-invasive bacterial disease resistance was also found to be compromised in the 
cytokinin-receptor loss-of-function mutants ahk2-2, ahk3-3 and ahk4-12.  Differences in 
disease progression kinetics suggest the receptors may have distinct functions at distinct 
stages of disease progression.  This data would therefore suggest that loss of a single 
cytokinin receptor is sufficient to alter cytokinin-mediated signal output during bacterial 
pathogenesis.  Analysis of flg22-triggered immunity in cytokinin receptor mutants revealed 
that the cytokinin receptors are not individually required for flg22-mediated defence. 
Interestingly, flg22-mediated callose deposition was found to be enhanced in the ahk3-3 
mutant. This may be a consequence of elevated cytokinin levels as previously reported in 
AHK3 loss-of-function mutants (Riefler et al, 2006).  This would be in consistency with the 
work of Choi et al (2010) who showed that flg22-mediated callose deposition and cytokinin 
levels are interdependent.  
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Chapter 6  General Discussion 
 
Plant pathogens are one of the major limiting factors in crop production, thus there is an 
urgent need to find new ways to improve plant pathogen resistance. To do so requires a 
fundamental knowledge of the mechanisms of plant pathogen defence. Flg22 perception via 
the FLS2 receptor kinase is thought to be an integral part of the innate bacterial plant 
immune system (Zipfel et al, 2004).  The flg22-FLS2 interaction mediates an intracellular 
signalling cascade culminating in a number of characteristic defence responses including 
stomatal closure (Melotto et al, 2006), the strengthening of the cell wall via callose 
deposition (Gomez-Gomez et al, 1999) and the activation of defence-associated genes and 
metabolites (Clay et al, 2009; Navarro et al, 2004; Tsuda et al, 2008; Zipfel et al, 2004).  
However how these hallmarks of flagellin-mediated defence contribute to overall plant host 
immunity remains to be clarified.  Furthermore, the molecular mechanisms that link FLS2 
activation to these signalling outputs remain poorly understood.    
 
    The histidine kinase AHK5 was identified as a mediator of flg22-induced stomatal closure 
(Desikan et al, 2008) suggesting a novel role for two-component signalling in flg22-mediated 
defence responses.  Flg22 treatment has been shown to mediate rapid and dramatic 
changes in the phosphoproteome of undifferentiated cell culture suggesting that 
phosphorylation-dependent signalling may be a more general mechanism by which the 
flg22-induced signal is transduced (Benschop et al, 2007).  It was therefore hypothesised 
that AHK5 and other sensor hybrid histidine kinases may act as key mediators of flg22-
induced signalling.  The results presented here suggest this to be the case.  The data 
presented demonstrates that ethylene perception via the HK ethylene receptor family is a 
requirement for all physiological flg22-mediated responses tested.  However, other 
members of the hybrid HK family appear to be required for distinct flg22-mediated 
physiological responses or be required for flg22-mediated signalling in a tissue or cell-type 
specific manner.  Divergence in the flg22-mediated signalling pathways activated in different 
plant cell types and tissues highlights the importance of development context when 
investigating the signalling mechanism governing a defined cellular response.    
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6.1 AHK5 acts to regulate physiological growth responses to flg22 in a tissue-specific 
manner 
 
  Despite the identified role of AHK5 as a mediator of flg22-induced responses in stomata 
(Desikan et al, 2008), the analysis of flg22-mediated growth inhibition revealed seedlings of 
the ahk5 mutants to exhibit a wild-type sensitivity to flg22.  Seedlings of the ahk5-1 (Col-0) 
mutant exhibited a similar sensitivity to that of wild-type Columbia whilst seedlings of the 
ahk5-3 (Ws-4) were, like their wild-type Wassilewskija counterparts, insensitive to flg22 at 
all concentrations tested (see section 3.3.3). Thus flg22-mediated seedling growth inhibition 
appears to be dependent on a functional FLS2 receptor but independent of AHK5 function. 
 
    However, despite exhibiting a wild-type sensitivity in whole seedlings, the ahk5-1 mutant 
was found to exhibit hypersensitivity to flg22 in roots as assessed by measurement of flg22-
induced root growth inhibition (see section 4.3.1).  This would convey an important 
cautionary note that despite being widely used as a screen by which to identify components 
of the flg22-mediated signalling pathway, a wild-type sensitivity to flg22 as assayed by 
whole-seedling growth inhibition does not necessarily rule out a gene function in flg22 
signalling.    This would also suggest that AHK5 functions in flg22-mediated signalling in a 
tissue-specific manner 
 
6.2 AHK5 functions as negative regulator of both ACC and flg22-mediated RGI 
 
   As confirmed in this study, AHK5 functions as a negative regulator of ethylene-mediated 
root growth inhibition with mutants exhibiting hypersensitivity to exogenously applied 
ethylene and its precursor ACC (see section 4.3.4) (Iwama et al, 2007) .  Given the identified 
role for ethylene and/or ACC as a mediator of flg22-induced RGI (see section 4.3.3) this may 
thus explain why the ahk5-1 mutant exhibits hypersensitivity to the flg22 peptide in roots.  
However, despite exhibiting hypersensitivity to exogenously applied ethylene in roots, the 
ahk5-1 mutant has been shown to exhibit a wild-type sensitivity to ethylene as assayed by 
the analysis of hypocotyl length in etiolated seedlings (Iwama et al, 2007).  This would 
suggest that AHK5 may negatively regulate ethylene mediated growth suppression in a root-
specific manner.   This could thus explain the absence of flg22-associated growth phenotype 
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in ahk5-1 seedlings (the fresh weight of which is thought to be largely accounted for by 
aerial plant tissues) despite the demonstrated role for ethylene as a mediator of whole 
seedling growth inhibition (see section 3.3.1). 
 
6.3 Possible mechanisms of AHK5 tissue specificity 
 
  The mechanisms underlying AHK5 tissue-specificity remain to be determined, however 
AHK5 is known to be most highly expressed in root tissue which may contribute to its 
prominent role in regulating ethylene and hence flg22 mediated root growth responses 
(Desikan et al, 2008).  AHK5 transcript is also however readily detectable in light-grown 
seedlings (Desikan et al, 2008) thus expression pattern alone is unlikely to account for the 
root specific phenotype.  Despite data to suggest both shoot and root growth inhibition in 
response to flg22 can be mediated by ethylene, the mechanics of shoot and root growth 
inhibition in response to flg22 appear to differ.  AHK5 may mediate growth responses to 
ethylene in a root-specific manner via interaction with root-specific signalling components 
required for ethylene and hence flg22 mediated RGI.  For example the data presented here 
demonstrate that ROS production mediated by the NADPH-oxidase ATRBOHD is a 
requirement for flg22-mediated whole-seedling growth inhibition (see section 3.3.2) 
however ATRBOHD function appears to be dispensable for flg22-mediated root growth 
inhibition (see section 4.3.5).  ACC and by proxy ethylene is thought to inhibit primary root 
growth via the ROS-dependent cross-link of cell wall components thus restricting cell wall 
extensibility (De Cnodder et al, 2005).  Although flg22-induced ROS production could not be 
detected in root tissues using fluorescence microscopy, using a quantitative method flg22-
mediated ROS production in root tissue has recently been demonstrated (Jacobs et al, 
2011).  Given the known role of AHK5 as a sensor and mediator of flg22-induced ROS 
production in stomatal guard cells (Desikan et al, 2008), it is possible that AHK5 may interact 
with a root-specific source of flg22 induced ROS.  Interestingly a differential requirement for 
flg22-mediated signalling components in root and shoot tissues was recently demonstrated 
by Millet (2010).  Whilst PEN3 (PENETRATION 3), an ABC transporter, was found to be 
required for flg22-induced callose deposition in cotyledons, it was not a requirement for 
flg22-induced callose deposition in roots (Millet et al, 2010).  
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      The data presented also suggest that flg22-mediated root growth inhibition can be 
mediated via an ACC short-cut (see section 4.3.2).  Whether ACC can similarly induce whole-
seedling growth inhibition in an ethylene-independent manner remains to be determined.  
However the data presented would suggest that AHK5 is not a unique component of an 
ethylene-independent, ACC-dependent pathway in roots, as the ahk5-1 mutant was found 
to exhibit hypersensitivity to both ACC and exogenously applied ethylene (see section 4.3.6). 
 
6.4 AHK5 may function in flg22-mediated signalling in a cell-type specific manner  
 
   The data presented suggest that AHK5 may act as negative regulator of flg22-mediated RGI 
as consequence of its role as negative regulator of ethylene-mediated RGI.   It could 
therefore be that AHK5 function in flg22-mediated signal transduction is simply a 
consequence of its function in ethylene-mediated signal transduction.  Consistent with this 
hypothesis, AHK5 plays a prominent role in mediating ethylene responses in both roots and 
stomata and has similarly been shown to mediate flg22-induced responses in both these 
tissues. Ethylene and flg22 were both found to induce stomatal closure in wild type but not 
in ahk5 guard cells (Desikan et al, 2008).  However, although a role for the ethylene receptor 
ETR1 in mediating pre-invasive bacterial defence has been proposed (Mersmann et al, 
2010), several lines of evidence suggest that flg22-mediated stomatal closure occurs 
independent of ethylene action.  Firstly ethylene-induced stomatal closure is known to be 
dependent on ATRBOHF-derived ROS production (Desikan et al, 2006).  In contrast, flg22-
mediated stomatal closure has been shown to depend on a flg22-induced oxidative burst 
mediated by ATRBOHD (Mersmann et al, 2010).  Plants defective in ATRBOHF were found to 
exhibit a stomatal flg22 sensitivity similar to wild-type (Mersmann et al, 2010).   
Furthermore, like ahk5-1 (Col-0), seedlings of the ahk5-3 (Ws-4) mutant  were found to be 
exhibit stomatal insensitivity to ethylene (Desikan et al, 2008) despite ahk5-3 stomata 
showing responsiveness to flg22 (Desikan, unpublished results).   Thus in stomatal guard 
cells the flg22 insensitivity of ahk5 mutants does not appear to be a direct consequence of 
altered sensitivity to ethylene.  Thus whether ahk5-1 mutants exhibit root hypersensitivity 
to flg22 as consequence of their hypersensitivity to ACC/ethylene therefore remains to be 
clarified.   
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    Whilst both flg22 and ethylene have been shown to induce H2O2 production in stomatal 
guard cells, contrastingly in the ahk5-1 mutant, stomatal ROS levels are actively repressed 
following flg22 or ethylene treatment (Desikan et al, 2008).  Thus AHK5 contributes to both 
ethylene and flg22-mediated H2O2 production, required as a signalling intermediate for 
stomatal closure.  As in stomata, AHK5 appears to function in the perception of H2O2 in 
roots.  However, our data would suggest that ACC-mediated root growth inhibition does not 
require AHK5-dependent H2O2 perception as the ahk5-1 and ahk5-3 mutants exhibit 
differential sensitivity to H2O2 yet a similar sensitivity to ACC (see section 4.3.6).  This does 
not however rule out a function for AHK5 in the inducible accumulation of ethylene and/or 
flg22 induced ROS in roots.  
 
6.5 NO negatively regulates flg22-mediated RGI in an AHK5-independent manner  
 
  However direct evidence of a role for ROS in mediating flg22-induced RGI is at present 
lacking.   Instead the data presented points to a prominent role for the secondary 
messenger NO as a negative regulator of flg22-induced RGI (see section 4.3.7).  A role for 
NO in flg22-mediating signal transduction in not surprising as flg22 has been shown to 
induce NO in both cell culture and in stomatal guard cells (Gust et al, 2007; Melotto et al, 
2006).  However the functional significance of flg22-mediated NO production in non-guard 
cell tissues remains unknown.  Our data therefore advocates a novel role for NO as a 
negative regulator of flg22-mediated RGI.  However despite the requirement of the nitrate 
reductase isoforms NIA1 and/or NIA2 for the negative regulation of flg22-mediated RGI (see 
section 4.2.14) no change in NO levels could be observed fluorometrically following flg22 
treatment (see section 4.2.13).  It is assumed that flg22-mediated changes in NO are either 
highly localised or below DAF-FM-DA detection limits.   The later would not be altogether 
surprising as NO appears to be negatively regulating flg22-mediated RGI and has been 
shown to act in a growth promoting fashion only at low nanomolar concentrations (Gouvêa 
et al, 1997).  Due to the stunted aerial growth phenotype of the nia1nia2 mutant (Lozano-
Juste & León, 2010), flg22-induced whole-seedling growth inhibition could not be assessed 
in this mutant.  Thus the root-specificity of NO in regulating plant growth in response to 
flg22 remains to be determined. 
 
212 
 
     Interestingly whilst NR activity appears to be a requirement for flg22-mediated root 
growth inhibition, flg22-mediated stomatal closure was found to be blocked by the inhibitor 
compound N- ω-nitro-L-arginine (L-NNA), an inhibitor of nitric oxide synthase (NOS), an 
alternative source of NO. These data would suggest that (as proposed for ROS in root and 
shoot tissues) flg22-induced NO may have differential sources in different tissue types. It 
must be borne in mind that no true NOS has been identified in plants however a NOS-like 
enzyme (AtNOA1) associated with nitric oxide synthesis has been identified (Moreau et al, 
2008) and has been shown to modulate stomatal closure in response to SA (Sun et al, 2010).   
Interaction with a tissue-specific NO source could explain why, despite functioning as a 
sensor for NO in stomatal guard cells (Desikan et al, 2008),  ahk5-1 mutants were found to 
exhibit a wild-type sensitivity to exogenously applied NO (in the form of SNP) in roots (see 
section 4.2.14). 
 
6.6 AHK5 is not a requirement for post-invasive flg22-mediated defences 
 
  In keeping with a tissue-specific role for AHK5 function in flg22-mediated signalling, ahk5-1 
mutants were found to exhibit a wild-type sensitivity to flg22 as assayed by assessment of 
flg22-triggered immunity (see section 5.2.1.2).  Flagellin-triggered immunity is thought to 
reflect the quantitative effect of post-invasive flg22-induced defence on subsequent 
pathogen growth.  The wild-type FTI levels in the ahk5-1 mutants would therefore suggest 
that despite a requirement of AHK5 for pre-invasive flg22-mediated stomatal defence 
(Desikan et al, 2008), AHK5 is not a requirement for post-invasive apoplastic flg22-induced 
defences.   
     In consistency with analysis of FTI, the ahk5 mutants were found to exhibit a wild-type 
flg22 response as assessed by analysis of flg22-mediated callose deposition in leaves (see 
section 5.2.1.2).  The flg22-mediated oxidative burst has been shown to play a contributory 
role in mediating flg22-induced callose synthesis (Zhang et al, 2007).   The absence of a 
callose phenotype in the ahk5-1 mutant would therefore suggest that despite the identified 
role of AHK5 as a mediator of the flg22-induced oxidative burst in stomatal guard cells 
(Desikan et al, 2008), AHK5 may not be a requirement for the flg22-induced oxidative burst 
in epidermal/mesophyll leaf tissues.  Alternatively the loss of AHK5 may be insufficient to 
213 
 
sufficiently impact on ROS levels required for callose deposition.  Attempts were made to 
quantify H2O2 production in leaves of wild-type and ahk5-1 mutant plants following flg22 
treatment using the histochemical stain 3'-3' diaminobenzidine (DAB) which forms an 
insoluble brown precipitate on reaction with H2O2 (Snyrychova et al, 2009); however in 
keeping with reports from other publications, DAB staining was not sensitive enough to 
detect flg22-induce ROS production in whole leaf tissues (data not shown) (Pogány et al, 
2009). 
     It has however been observed that ahk5 mutants exhibit an attenuated oxidative burst in 
leaf tissues in response to challenge with the avirulent Pseudomonas strain Pst DC000 
(avrRpm1) (Pham & Desikan, 2012).  However whilst AHK5 may be required for the Avr/R 
recognition-mediated oxidative burst in leaves this does not necessarily implicate a function 
for AHK5 in mediating the flg22-induced oxidative burst in this tissue.   Despite attenuated 
ROS production in response to avirulent bacterial challenge,  paradoxically ahk5-1 mutants 
were found to exhibit reduced bacterial growth following syringe infiltration with avirulent 
Pst DC3000 (avrRpm1) (Pham & Desikan, 2012).  However as shown in this study, ahk5-1 
mutants exhibit enhanced bacterial susceptibility when syringe inoculated with virulent Pst 
DC3000 (see section 5.3.1).  This would thus suggest that AHK5 plays separable roles in basal 
and Avr-R mediated post-invasive defences acting as a positive regulator of basal plant 
defence whilst negatively regulating Avr-R mediated defence.  
6.7 AHK5 tissue-specificity in flg22-mediated bacterial defence 
 
   Whilst the data here identify a role for AHK5 in basal post-invasive defence (as evidenced 
by increase susceptibility to Pst DC3000 infection following syringe infiltration as shown in  
section 5.2.1.1), as discussed above AHK5 does not appear to be a required for post-invasive 
flg22-mediated defences.  This was surprising given the known role for AHK5 in flg22-
mediated stomatal closure as substantiated by flg22-independent transpiration and 
enhanced susceptibility to bacterial infection following surface inoculation (see section 
5.2.1.3) (Desikan et al, 2008).  Again tissue-specific expression pattern is unlikely to account 
for the tissue-specific requirement of AHK5 for flg22-mediated defence as AHK5 is weakly 
expressed in guard-cells when compared to whole-leaf tissues (Desikan et al, 2008).  It 
should however be noted that in guard-cell tissues, transcript and protein expression levels 
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do not always correlate (Zhu et al, 2009).  However, as mentioned above, AHK5 functions in 
a flg22-independent manner as a regulator of post-invasive bacterial disease resistance, 
thus a guard-cell specific protein expression pattern is unlikely.   
     A tissue specific requirement for flg22-mediated signalling components was recently 
demonstrated for the FLS2 coreceptor, the RLK BAK1.  Although required for flg22-mediated 
callose deposition in leaves (Jaillais et al, 2011) and roots (Millet et al, 2010), the flg22 co-
receptor BAK1 is not required for flg22-mediated callose deposition in cotyledons (Clay et al, 
2009), despite its transcript being expressed in this tissue (Schmid et al, 2005).  AHK5 
function may similarly be a tissue-specific requirement for flg22-mediated bacterial defence.  
A differential requirement for flg22 mediated signalling components in stomatal and non-
stomatal leaf tissues was recently demonstrated by Zeng and colleagues (2010).  Via genetic 
screen a number of mutants defective in flg22-mediated responses were identified. 
Interestingly, one such mutant, scord5 (susceptible to coronatine-deficient Pst DC3000 5),  
(found to encode an ATP-binding cassette protein) was, like AHK5, found to exhibit  wild-
type apoplastic flg22-mediated defence, as assessed by quantification of FTI,  but was 
compromised in flg22-mediated stomatal closure (Zeng et al, 2011).  Contrastingly, scord2 
and scord4 exhibited a wild-type flg22 stomatal response but were compromised in flg22-
mediated apoplastic defence (Moreau et al, 2008).  Therefore apoplastic and stomatal flg22-
induced defences appear to be genetically separable.  It would thus appear that AHK5 is a 
requirement for stomatal but not apoplastic flg22 mediated defence.   
 
   Such tissue specificity in guard and non-guard cell tissues is likely to be achieved via AHK5 
interaction with other cell-type specific signalling components.  Consistent with the 
functional specialisation of the two cell types, proteomic analysis of guard cells and 
mesophyll cells of Brassica napus revealed proteins associated with signal transduction 
including protein kinases and phosphatase to be preferentially expressed in stomatal guard 
cells (Zhu et al, 2009).   This would suggest that reversible protein phosphorylation may be a 
key mechanism by which stimuli induced responses are regulated in stomatal guard cells 
and could thus explain the requirement of the two-component signalling element AHK5 in 
flg22-mediated stomatal responses (Desikan et al, 2008).   Indeed a number of other 
phosphorylation-dependent signalling components including the guard-cell specific kinase 
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OST1 and the MAP kinase MPK3 are known requirements for flg22-mediated stomatal 
closure (Gudesblat et al, 2009; Melotto et al, 2006). MPK3 is however also known to be 
required for flg22-mediated responses in non-guard cell tissue types (Asai et al, 2002) 
suggesting that despite requirement of guard-cell specific signalling components there is 
some overlap in the signalling cascades activated following flg22 perception in guard cell 
and non-guard cell tissues.  The mechanisms by which AHK5 may interact with other guard-
cell signalling components remain unknown although phosphorylation-dependent 
interaction between MAPK and two-component mediated signalling cascades has previously 
been reported in other eukaryotic systems (Jones et al, 2007; Yoshimi et al, 2005).  AHK5 is 
also known to possess two coiled-coil domain at the N-terminus of the protein (SMART 
Genomes output as shown in Appendix 2) which could facilitate interaction with non-TCS 
proteins (Singh et al, 1998).  
 
6.8 AHK5 function in flg22-specific guard-cell responses 
 
  Interestingly, despite stomatal insensitivity to flg22, stomata of the ahk5-1 T-DNA insertion 
mutant were found to retain sensitivity to the EF-Tu derived peptide elf26 (Desikan et al, 
2008).  This was thought to be surprising as the signalling cascades activated following flg22 
and elf26 peptide perception have been shown to overlap considerably in non-guard cell 
tissues (Zipfel et al, 2006).  However as the data presented here confirms, the signalling 
cascades regulating stomatal and apoplastic flg22-mediated defences appear to differ (Zeng 
et al, 2011).  It could therefore be that in guard cells, differential signalling cascades are 
activated upon perception of different PAMPs, with AHK5 acting as a component of a flg22-
specific signalling cascade.  Alternatively it is possible that AHK5 may act at an early step in 
the flg22-induced signalling pathway via direct or indirect interaction with the FLS2 
receptor, shown to be abundantly expressed in guard cells (Robatzek et al, 2006).   Evidence 
for the latter was suggested by previous observations in our laboratory.  Whilst stomata of 
the ahk5-1 (Col-0) were found to exhibit flg22-insensitivity in stomatal guard-cells (Desikan 
et al, 2008), stomata of the ahk5-3 (Ws-4) mutant were found to respond to flg22 in 
stomata (Desikan, unpublished results), this being despite a lack of FLS2 function in the Ws 
background (Gomez-Gomez & Boller, 2000).  Analysis of susceptibility to bacterial infection 
in the ahk5-3 mutant following spray inoculation appears to corroborate a role for AHK5 in 
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restoring pre-invasive bacterial defence in the Ws ecotype (see section 5.3.3).  This 
observed ecotype difference in AHK5 requirement for guard-cell flg22 perception suggests 
that the role of AHK5 in flg22-perception may depend on FLS2 presence however the 
mechanisms by which this might occur remain poorly understood.  Whilst the Wassilewskija 
ecotype is known to contain a premature stop codon in the FLS2 kinase domain, FLS2 
transcripts can still be detected (Gomez-Gomez & Boller, 2000) and although impaired, FLS2 
flg22 binding is not completely abolished in plants of this ecotype (Bauer et al, 2001).  It may 
therefore be that despite a strongly reduced number of flg22 binding sites, the truncated 
FLS2 receptor of this ecotype may retain some residual downstream signalling function 
which may depend on the presence or absence of AHK5.  This though remains to be 
clarified.   However restoration of flg22 responsiveness in the ahk5-3 mutant appears to a 
unique guard-cell associated phenomenon.  Like their wild-type Ws-4 counterparts, ahk5-3 
mutants were found to exhibit flg22-insensitivity in all other tissues and all flg22-mediated 
physiological responses tested.   
 
6.9 Ethylene perception is required for all FLS2-mediated responses tested 
 
  In contrast to the tissue-specific requirement of AHK5, study of flg22-mediated responses 
in etr1 mutants identified a role for the ethylene receptor ETR1 in all flg22 responses tested.  
However, analysis of flg22 responses in the ethylene-insensitive etr1-1 and ethylene-
hypersensitivity etr1-7 mutants suggests a requirement for ethylene signalling via the 
ethylene receptor complex, rather than a direct requirement for the ETR1 receptor itself 
(see section 5.3.5).  The recent findings of Boutrot et al (2010) offer an intriguing 
explanation for this observation.  The authors showed that FLS2 transcript and protein levels 
were directly upregulated in response to the phytohormone ethylene (Boutrot et al, 2010), 
known to be induced following flg22 perception (Bauer et al, 2001).  Thus plants deficient in 
ethylene perception and/or signalling were consequently impaired in FLS2-mediated 
responses (Boutrot et al, 2010).  In consistency with this hypothesis, the data presented 
here demonstrates a prominent role for ethylene in mediating flg22 induced growth 
inhibition, classically used to assess flg22 sensitivity (see section 3.3.1).  However ethylene 
itself is known to be both shoot and root growth inhibitory (Kieber et al, 1993; Le et al, 
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2001) thus a direct role for the flg22-induced ethylene in the regulation of growth following 
flg22 treatment cannot be ruled out. 
 
6.10 Flg22-induced callose is ethylene dependent but does not play a prominent role in FTI 
 
 A role for ethylene in the regulation of flg22-mediated callose deposition was similarly 
identified (see section 5.2.2.2).  However, if as proposed by Boutrot, flg22-mediated 
defences were diminished in the etr1-1 mutant as a consequence of reduced FLS2 levels, it 
would be assumed that all flg22 mediated defences would be compromised. However, in 
contrast to flg22-mediated callose deposition, flg22 triggered immunity to bacterial 
infection, thought to reflect the quantitative contribution of all post-invasive flg22-mediated 
defences, did not appear to be significantly compromised in the ethylene insensitive etr1-1 
mutant.  It is possible that as proposed by Tsuda et al (1999), other hormonal signalling 
pathways may compensate for the loss of ethylene function. 
 
     Although the precise function of callose deposition following virulent bacterial challenge 
has not been unequivocally demonstrated, it is widely assumed that callose deposition 
positively contributes to bacterial disease resistance.  It is therefore surprising that despite a 
50% reduction in callose deposition in the etr1-1, this had no significant impact on flg22-
triggered immunity to subsequent bacterial infection (see section 5.2.2.2).  This would thus 
suggest that callose deposition may not play as prominent a role in the post-invasive 
restriction of virulent bacterial multiplication as previously thought.   Interestingly, the pmr4 
mutant, defective in callose synthase required for callose deposition, was found to become 
more resistant rather than more susceptible to fungal pathogen challenge (Nishimura et al, 
2003).  This enhanced resistance was associated with enhanced levels of SA thus suggesting 
that callose or callose synthase negatively regulates the SA pathway (Nishimura et al, 2003).  
The reason for this is unclear although it has been proposed that as an inducible defence, 
callose may then act to limit further defences (Nishimura et al, 2003).  Given the prominent 
role of SA as a mediator of flg22-induced defence (Tsuda et al, 2008) it could be that in 
ethylene-insensitive mutants, the lack of flg22-induced callose deposition may trigger 
activation or relieve repression of the SA pathway thus compensating for reduced ethylene 
signalling and/or reduced FLS2 levels.    
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   However, PMR4-dependent callose deposition has been shown to positively contribute to 
immunity against the type III secretion system-deficient Pst DC3000 hrcC mutant (Kim et al, 
2005).  Thus whilst callose deposition may negatively regulate pathogen defences in some 
plant-pathogen interactions (Nishimura et al, 2003), in the absence of effector-mediated 
defence suppression (as in the hrcC mutant), flg22-mediated callose deposition positively 
contributes to Pst DC3000 bacterial defence.   It may therefore be expected that in the etr1-
1 mutant in which flg22-induced callose deposition is compromised, flg22-triggered 
immunity to Pst DC3000 should similarly be compromised. This is not however the case. 
Defence suppression may be an obvious explanation for this.  A number of Pst DC3000 
effectors have been shown to suppress flg22-induced callose deposition (Kim et al, 2005).  
Alternatively, it may simply be that the contribution of callose deposition to flg22-triggered 
bacterial immunity is small such that despite a significant reduction in callose deposition this 
is insufficient to impact on immunity to the virulent Pst DC3000.  Consistent with this 
hypothesis, mutants of the etr1-7 mutant were found to exhibit enhanced callose 
deposition; however this appeared to have no significant impact on flg22-triggered 
immunity (see section 5.3.4).  Furthermore, despite enhanced flg22-induced callose 
deposition, paradoxically the etr1-7 mutant was found to exhibit enhanced susceptibility to 
bacterial infection when syringe inoculated with Pst DC3000 alone (see section 5.2.2.1).  
Thus despite being widely used as a marker for the activation of basal defence, the data 
presented would suggest that flg22-mediated callose deposition does not play a prominent 
role in either flg22-mediated immunity toward  or post-invasive defence against virulent Pst 
DC3000.  It is possible that cell wall strengthening via flg22-mediated callose deposition may 
play a more prominent role in defence against necrotrophic bacterial pathogens reliant on 
cell wall penetration for host entry.  It is assumed that other flg22-mediated defences such 
as the activation of defence gene expression (Navarro et al, 2004; Zipfel et al, 2004) and the 
production of defence-related hormones or secondary metabolites (Clay et al, 2009; Tsuda 
et al, 2008; Tsuda et al, 2009)  may  be of greater importance in inhibiting Pst DC3000 
growth.  However, the individual contribution of these FTI proxies to overall bacterial 
immunity remains to be clarified.  
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6.11 Flg22-mediated callose deposition may be cytokinin dependent 
 
  In consistency with the hypothesis that callose deposition does not play a significant 
contribution to Pst DC3000 bacterial defence, like the etr1-7 mutant, the cytokinin receptor 
mutant ahk3-3 was found to exhibit significantly enhanced callose deposition in response to 
flg22 but exhibited a wild-type FTI (see section 5.3.7).  A cytokinin receptor function in flg22-
mediated callose deposition appears to be unique to AHK3.  Mutants defective in AHK2 and 
AHK4 were found to exhibit a wild-type sensitivity to flg22 as assessed by analysis of callose 
deposition and FTI.  The AHK3 receptor has been shown to function redundantly with the 
other cytokinin receptors to regulate aerial cytokinin responses (Higuchi et al, 2004), thus a 
specific requirement for AHK3 in flg22-induced callose deposition was surprising.  It has 
however recently been shown that cytokinin levels and flg22-mediated callose deposition 
are positively correlated (Choi et al, 2010).    It is possible that rather than a specific 
requirement for AHK3 in flg22-mediated callose deposition the elevated levels of flg22-
induced callose deposition observed in this mutant may a consequence of elevated 
cytokinin levels previously reported in AHK3 loss-of-function mutant (Riefler et al, 2006). 
This would thus suggest that callose deposition in response to flg22 may be under the 
control of both the phytohormones ethylene and cytokinin. Given the wild-type flg22 
sensitivity of the AHK3 mutant as assessed by analysis of FTI, this would suggest it unlikely 
that cytokinin or AHK3 function alone significantly contribute to other post-invasive flg22 
mediated defences.  AHK3 does however appear to play a contributory role to post-invasive 
basal bacterial defence as evidenced by increased susceptibility to Pst DC3000 alone (see 
section 5.2.3.1). 
 
6.12 Cytokinin receptor function is required for basal post-invasive bacterial defence 
 
    Like the ahk3-3 mutant, enhanced bacterial susceptibility was also similarly observed in 
the AHK2 and AHK4 loss-of-function mutants (see section 5.3.6).  Given that all three 
cytokinin receptor mutants exhibited a wild-type sensitivity to flg22 as assayed by FTI this 
enhanced susceptibility to Pst DC3000 is unlikely to be as consequence of altered flg22 
sensitivity.  As shown by Choi et al (2010), cytokinins can promote resistance to Pst DC3000 
in Arabidopsis.  It would therefore appear likely that the altered bacterial susceptibility of 
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the three cytokinin receptor mutants may be as consequence of altered cytokinin 
sensitivity.  However as previously discussed in section 1.11.2, the three cytokinin receptors 
have been shown to function redundantly in cytokinin perception (Higuchi et al, 2004). The 
loss of one receptor is thus usually insufficient to impact significantly on receptor signalling 
output.  However, enhanced bacterial susceptibility as observed in each cytokinin receptor 
loss-of-function mutants would suggest that cytokinin-dependent transcriptional alterations 
required for bacterial resistance may be compromised following loss of a single cytokinin 
receptor.  
 
6.13 AHK2 regulates flg22-mediated seedling growth inhibition likely in a cytokinin-
independent manner 
 
  The commonly held view that the cytokinin receptors function redundantly to regulate 
cytokinin mediated responses in most plant tissues was further challenged by the 
observation that mutants defective in the cytokinin receptor AHK2 exhibit hypersensitivity 
to low concentrations of flg22 as assessed by seedling growth inhibition (see section 3.3.4).   
Given the growth promoting role of cytokinins in the SAM (Werner et al, 2001), it could be 
possible that following flg22 perception cytokinin levels are repressed however there is no 
evidence to suggest this to be true.  Furthermore, whilst AHK2 positively regulates cytokinin 
signalling, AHK2 has previously been shown to function redundantly with AHK3 to regulate 
cytokinin-dependent aerial plant growth (Nishimura et al, 2004).  Thus whether AHK2 
functions as a negative regulator of seedling growth inhibition as direct consequence of its 
role in cytokinin perception remains unclear and would perhaps appear unlikely.  Rather it 
may be that AHK2 functions as a negative regulator of flg22-mediated signalling in a 
cytokinin-independent manner.  The three cytokinin receptors are thought to function in a 
non-redundant and cytokinin-independent manner as negative regulators of osmotic stress 
signalling (Tran et al, 2010) thus a cytokinin-independent function for AHK2 in flg22-
signalling is not altogether unlikely. 
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6.14 Possible mechanisms of AHK2 tissue-specificity in flg22 mediated signalling 
 
  The observation that the ahk2-2 mutant exhibits hypersensitivity to flg22 as assessed by 
seedling growth inhibition is of further interest as the ahk2-2 mutant appears to exhibit a 
wild-type apoplastic sensitivity to flg22 as analysed by analysis of FTI.  In previous studies 
flg22-mediated innate immune responses and flg22-mediated growth inhibition have been 
shown to be tightly linked (Li et al, 2002).   However, in keeping with the data presented 
here, it has recently been shown that like apoplastic and stomatal mediated defences (Zeng 
et al, 2011),  FLS2-mediated innate immunity and growth inhibition can be genetically 
separated (Lee et al, 2011).   Lee et al (2011) found that in addition to functioning as a 
receptor for the flg22 peptide, the FLS2 receptor also functions as a receptor for the 
CLAVATA3 peptide (CLV3p).   Despite lacking sequence similarity, the flg22 peptide and the 
CLV3 peptide were found to share binding and activation sites in the LRR domain of FLS2.    
CLV3-FLS2 interaction was found to trigger flg22-mediated immune signalling and resistance 
to Pst DC3000 infection in the SAM. The CLV3 peptide encodes a peptide ligand that 
interacts with the CLV1/CLV2 receptor complex to maintain the balance between cell 
proliferation and organ formation in the SAM (Brand et al, 2000).  However despite its 
known growth regulatory role, the CLV3 peptide was found to function in  flg22-mediated 
signalling independently of the stem cell signalling pathway and  did not stimulate the 
typical flg22-FLS2 mediated whole seedling growth inhibition.  It is thought that the CLV3-
FLS2 interaction is required for the constitutive activation of FLS2 mediated innate immunity 
in the SAM without the severe growth penalty associated with flg22-perception.  This would 
thus suggest that FLS2-mediated defence responses and FLS2-mediated growth responses 
can be uncoupled.   The ahk2-2 data presented in this study would suggest this is also be 
true following flg22 FLS2 perception with AHK2 being a specific requirement for flg22-
mediated whole seedling growth inhibition.  Indeed this was suggested by Tsuda et al 2009 
who found that whilst SA, JA, and ET signalling sectors account for 80% of flg22-triggered 
immunity, flg22-mediated seedling growth inhibition was only slightly reduced in quadruple 
mutants defective in each of these three hormonal signalling pathways.  In combination 
with the data presented, this would suggest that despite being widely used as a screen by 
which to identify components of the flg22-induced signalling pathway, an altered sensitivity 
to flg22 as assayed by seedling growth inhibition does not necessarily implicate a gene 
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function in all flg22-mediated responses.  Likewise (and as illustrated for AHK5) a wild-type 
sensitivity to flg22 as assayed by seedling growth inhibition does not necessarily rule out a 
gene function in all flg22-mediated responses.  
6.15  Conclusions  
 
  In conclusion this study has identified a tissue-specific role for the AHK5 histidine kinase in 
root and stomatal flg22-mediated responses.  However, apoplastic flg22-mediated defences 
appear uncompromised in AHK5 deficient plants.  This would thus suggest that the 
mechanisms governing tissue-specific flg22-mediated responses are genetically separable.  
This HK tissue specificity is likely achieved by interaction with other tissues-specific signalling 
requirements for flg22-mediated responses, as suggested for example by the differential 
requirement of ATBROH-induced ROS in root and aerial plant flg22-induced defences.   This 
raises the interesting hypothesis that plants have evolved tissue or cell-type specific 
mechanisms of defence in order to better reflect the differential modes of infection and 
colonisation used by bacterial pathogens of different plant tissues types.   
     HK tissue-specificity in flg22-mediated signalling was further observed for the cytokinin 
receptor AHK2. Despite exhibiting intact flg22-induced apoplastic defence, AHK2 loss-of-
function mutants were found to exhibit altered sensitivity to low concentrations of flg22 as 
assessed by seedling growth inhibition.  This interesting observation suggests that the 
mechanisms governing flg22-mediated pathogen defence and flg22-mediated growth 
inhibition can be uncoupled.  Thus the common use of flg22-mediated growth inhibition as a 
screen by which to identify components of flg22-mediated signal transduction may need to 
be reassessed in light of this observation. 
 In addition to revealing the function of the hybrid HK family in flg22-mediated signalling, 
the data presented also suggest that the contribution of flg22-induced callose deposition to 
overall pathogen defence against virulent Pst DC000 may be small.   It would appear that 
whilst the hybrid HKs do play a role in flg22-mediated defence, often as a consequence of 
their role in the perception of the plant hormones ethylene and cytokinin, they also play a 
more prominent role in other non-flg22 related basal plant defences required for bacterial 
growth restriction.     
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6.16 Future Work 
 
6.16.1 Further determine the mechanisms of flg22-mediated seedling growth inhibition 
 
  The data presented in Chapter 3 identify a role for both ethylene and ROS as mediators of 
flg22-induced whole seedling growth inhibition however the direct mechanisms by which 
these signalling molecules inhibit growth remain to be determined.  To further understand 
the basis for the whole seedling fresh weight reduction mediated by flg22, the size of the 
SAM and of the size of leaf epidermal cells could be examined following flg22 treatment of 
wild-type and mutant seedlings (e.g. etr1-1 and AtrbohD). This could be coupled with 
analysis of flg22-mediated changes in gene expression in wild-type and mutant seedlings.  
This should aid in determining the modes of ethylene and ROS action in flg22-mediated 
seedling growth inhibition. Detailed analysis of hypocotyl, leaf and cotyledon growth may 
further aid in dissecting the mechanisms of flg22-mediated whole seedling growth 
inhibition.  As discussed in section 3.3.2 it is possible that flg22 may mediate ROS-dependent 
cross-linking of the cell wall as a pathogen defence mechanism with resulting implications 
for cell elongation.  In order to clarify whether this is indeed the case, flg22-induced cell wall 
alterations could be examined.  For example ultrastructural immunocytochemistry could be 
used to identify sites of HRGP accumulation (Benhamou et al, 1990).  These analyses should 
further aid in discerning the mechanisms governing flg22-mediated whole-seedling growth 
inhibition.   As an extension of this it would be interesting to determine whether flg22 can 
exert a growth inhibitory effect in mature plants.  
 
6.16.2 Further investigate the mechanisms by which H2O2, ACC/ethylene, NO and auxin 
signalling inputs contribute to flg22-mediated RGI. 
 
   Mutant and/or pharmacological data presented in Chapter 4 identify a possible role for 
the hormones and secondary messengers described above in flg22-mediated RGI.   
However, for some of such inputs conclusive evidence of a direct function in the root 
growth inhibitory process is lacking.  For example whilst the ahk5-1 mutant exhibits 
hypersensitivity to both flg22 and H2O2 in roots suggesting these two phenotypes could be 
linked, intercellular changes in ROS production could not be detected following flg22 
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treatment.  Furthermore, mutant analysis suggests that likely ATRBOH isoforms are not 
required for flg22-mediated RGI.  However an alternative ROS source cannot be ruled out. 
Analysis of flg22-mediated RGI in peroxidase-deficient mutants prx33 and prx34, recently 
shown to be required for the flg22-mediated apoplastic oxidative burst in aerial plant 
tissues (Daudi et al, 2012), may shed further light on the role of ROS in flg22-mediated RGI.   
The role of ROS could be further examined by analysis of flg22-mediated changes in root 
ROS production or distribution using more selective or sensitive ROS detection methods 
such as HyPer, a genetically encoded fluorescent indicator for intracellular H2O2 , or 
Oxyburst Green H2HFF-BSA, a sensitive fluorogenic reagent for detecting extracellular 
release of oxidative products, both of which have been used to detect ROS production in 
plant tissues (Costa et al, 2010; Monshausen et al, 2007). 
 
   The observation the flg22-mediated RGI is enhanced in the nia1nia2 mutant defective in 
NR-induced NO would suggest that flg22 may modulate NO levels in root tissues. These data 
would also suggest NO to be negatively regulating flg22-mediated RGI.  In maize, 
exogenously applied NO has been shown to act in a growth-promoting fashion at low 
nanomolar concentration (Gouvêa et al, 1997). Work is ongoing in our laboratory to test 
whether this may similarly be the case in Arabidopsis.  Quantification of NO using the 
fluorescent indicator DAF-FM-DA revealed no significant change in NO levels following 30 
minutes treatment.  It is however possible that flg22-mediated changes in root NO 
concentration may be subtle or highly localised. Analysis of spatial/temporal changes in NO 
distribution following flg22 treatment using more sensitive NO dyes such as DAR-4M may 
aid in further discerning the function for NO in flg22-mediated root responses. Ongoing 
work in our laboratory using confocal microscopy to determine whether the principal flg22 
root growth inhibition target is cell division or cell elongation may also aid in determining 
the function and/or requirement for individual root signalling components. 
 
   Whilst the data presented provide evidence that flg22 and auxin functionally interact 
through the flg22-mediated regulation of auxin signalling, the significance of the flg22-
mediated redistribution of auxin observed in the root remains to be clarified.  Analysis of 
flg22-mediated RGI in seedlings impaired in auxin transport, either after chemical inhibition 
or in auxin transport mutants, may provide further insight into the role of auxin in flg22-
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mediated root growth responses. However many chemical inhibitors of auxin transport, for 
example 2,3,5-triiodobenzoic acid (TIBA) (Thomson et al, 1973), are themselves root growth 
inhibitory (Rahman et al, 2007) thus making assessment of auxin contribution to the RGI 
phenotype difficult.  Liquid chromatography-mass spectrometry (LC-MS) measurement of 
auxin concentrations in aerial and root tissues following flg22 treatment could be used to 
determine in which tissues, if any, flg22 mediates auxin biosynthesis.   
 
  Ascertaining how auxin may fit in with other identified flg22 root signalling requirements is 
also of interest.  Several recent studies point to complex cross-talk between auxin, ethylene 
and NO mediated signalling pathways in the regulation of root morphology with each 
influencing the biosynthesis of the other (Guo et al, 2009a; Romera et al, 2011).  This would 
suggest that flg22-mediated RGI many be achieved by a combinational process of 
interaction between these hormones and signalling molecules.  The analysis of auxin 
distribution following flg22 treatment in mutant lines defective in ethylene or NO 
production or in the presence of chemical inhibitors of ethylene or NO production, such as 
AVG or cPTIO may aid in clarifying the interplay between these signalling inputs. 
 
  Interestingly acropetal polar auxin transport in the root, as thought to be mediated by 
flg22, has been shown to be critical for lateral root development (Correa-Aragunde et al, 
2004).   Auxin-induced NO is also a known requirement for auxin-induced promotion of 
adventitious and lateral roots (Casimiro et al, 2001; Ljung et al, 2005).  Root stress-induced 
morphogenic responses to many abiotic stresses are characterised by an inhibition of root 
elongation coupled with enhanced formation of lateral roots (Potters et al, 2007). The 
analysis of lateral root morphology following flg22 treatment may further reveal the 
significance of the flg22-mediated auxin redistribution observed.    
 
6.16.3 Further investigate the mechanisms of AHK5 function in flg22-mediated stomatal 
responses 
 
  The data presented here suggest that despite a broad expression pattern, AHK5 is required 
for stomatal but not apoplastic flg22-mediated defence.  This would thus position AHK5 
downstream of FLS2 in a guard-cell specific flg22-mediated signalling cascade.  Evidence 
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suggests that AHK5  function in flg22-induced stomatal responses may be mediated via two-
component signal transduction as like AHK5, knock out of the AHK5 interacting 
phosphotransfer protein AHP1 was similarly shown to restore flg22 stomatal sensitivity in 
the Wassilewskija ecotype (Desikan, unpublished results).  Proteomic study allowing 
identification of differentially phosphorylated guard-cell proteins following flg22 treatment 
may aid in determining the downstream targets of the FLS2/AHK5/AHP1 mediated guard-
cell signalling cascade.  
 
   In attempt to explain the observed flagellin sensitivity in ahk5 mutants of the flg22-
insensitive Wassilewskija ecotype, the ahk5-3 (Ws-4) allele could be crossed to 
Wassilewskija plants transformed with a functional FLS2 gene. Similarly the ahk5-1 (Col-0) 
allele could be crossed with an FLS2 T-DNA knockout mutant of the Columbia ecotype and 
the progeny of both such crosses phenotyped for flagellin-induced stomatal responses. This 
may reveal more of potential interaction between the AHK5 and FLS2 proteins.  
 
   Analysis of flg22-mediated guard-cell signalling responses in wild-type and the ahk5-1 
mutant is also of interest and could shed further light on the mechanisms by which AHK5 
functions in flg22-mediated stomatal responses. For example as previously demonstrated in 
our laboratory, fluorescent dyes such as the H2DCF-DA (Invitrogen) and DAF2-DA (Sigma-
Aldrich, UK) can be used to visualise in planta flg22-mediated changes in the concentration 
of the guard cell signalling molecules H2O2 and NO respectively (Desikan et al, 2008).  
Changes in stomatal aperture in response to flg22 are also known to be dependent on 
changes in guard-cell ion concentration (Zhang et al, 2008).  Preliminary work carried out 
during the course of this project provided the validation of a sensitive ion chromatography 
method for the quantification of guard-cell cation concentrations (data not shown).  This 
method could therefore be used to reveal the effect of AHK5 mutation on flg22-induced 
changes in stomatal ion concentration thus revealing more of AHK5 signalling function in  
flg22-mediated stomatal defence.  
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6.16.4 Determine the role of AHK5 in basal pathogen defence 
 
  The data presented in Chapter 5 identify a role for AHK5 as a positive regulator of a basal 
plant defence however AHK5 does not appear to be a requirement for post-invasive flg22-
mediated defence.  Discerning why mutants defective in AHK5 exhibit enhanced bacterial 
susceptibility following virulent pathogen challenge is therefore of interest.  Evidence from 
our laboratory suggests a role for AHK5 in regulating plant hormone production following 
surface Pst DC3000 challenge (Pham et al, 2012).  LC-MS analysis of phytohormones such as 
SA, ABA and JA (Forcat et al, 2008) known to be involved in post-invasive Pst DC3000 
defence (Verhage et al, 2010) , in wild-type and ahk5-1 following syringe inoculation with 
Pst DC3000 should aid in further determining the role of AHK5 in basal bacterial defence.  
Targeted profiling of defence-related secondary metabolites following Pst DC3000 challenge 
in wild-type and ahk5 mutants may further explain why ahk5 mutants exhibit enhanced 
susceptibility to virulent Pst DC3000.  
 
6.16.5 Clarify the role of cytokinin in flg22-mediated defence responses 
 
 The data presented in section 5.3.7 demonstrates a function for AHK3 as a mediator of 
flg22-induced callose deposition. It is thought this may be as consequence of elevated 
cytokinin levels as previously reported in AHK3 loss-of-function mutants.  Indeed a role for 
cytokinin in mediating flg22-induced callose deposition was recently suggested by Choi et al 
(2010).  The analysis of bacterial susceptibility in the cytokinin receptor mutants suggest 
that cytokinin may play further roles in post-invasive basal bacterial defence.  However, 
there is no direct evidence that plant cytokinin levels are modulated in response to flg22 or 
following Pst DC3000 challenge.  It has however been shown that constitutive activation of 
some plant R genes can induce cytokinin production thus elevating levels of SA (Igari et al, 
2008).  It is therefore possible that as proposed by Argueso et al (2012), virulent pathogens 
such as Pst DC3000 may similarly modify the cytokinin pathway to augment SA-mediated 
defence responses.  The quantitative measurement of cytokinin levels using LC-MS (Morris 
et al, 2001) following flg22 or Pst DC3000 challenge should provide a clearer picture of the 
role of cytokinin in post-invasive bacterial defence.  
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Appendix  1 - Fluorometric detection of Hydrogen Peroxide using Amplex Red Reagent 
Detection of H2O2 was performed using the Amplex Red Reagent (50µM)in the presence of HRP (1U/ml) H2O2 generation was calibrated by constructing a standard curve using known H2O2 
concentrations. The fluorescence was quantified in arbitrary fluorescence units using a fluorimeter (excitation 530, and emission 580).  Using a best-fit equation describing the standard curve 
as shown, basal levels of seedling ROS were thus detected in the range of 0.025-0.35µM mg
-1
/FW (data not shown).  
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Appendix 2 - AHK5 SMART genomes output    
SMART genomes output illustrating predicted presence and location of AHK5 protein domains (Letunic et al, 2006).  Amino acid positions are shown in parentheses. The HisKA phospho-
accepting domain and the catalytic HATPase domain of the HK domain are illustrated in turquoise. The receiver domain (REC) is illustrated in purple. Predicted coiled coil domains at the N-
terminus of the protein are illustrated in green.  
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